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2  
Abstract 
 
 
 
 
Diesel engines are becoming increasingly popular in both passenger and commercial vehicles because 
they offer better fuel efficiency than their gasoline counterparts. However, a disadvantage of this type of 
engine is the high volumes of soot it produces, which can contribute to an increase in wear of the 
engine components. A number of wear mechanisms have been proposed to explain wear by soot, of 
which the abrasive mechanism is still the most widely accepted. Lubricant additives such as zinc 
dialkyldithiophosphate (ZDDP) are frequently used as antiwear (AW) agents but the combined effect of 
soot and additives such as ZDDP on wear is not well understood. 
  
The aim of the work described in this thesis is to explore the impact of soot on wear both in the absence 
and presence of lubricant additives, of particular interest is the additive ZDDP. A unidirectional 
sliding/rolling test is used to explore the impact of film-thickness on wear while a reciprocating wear 
tester enables accurate wear measurements for individual test lubricants.  
 
The AW additives studied, most especially ZDDP, show excellent antiwear behaviour in the absence of 
carbon black (CB) – used as a substitute for soot. However, once CB is combined with AW additives, an 
unusual wear pattern emerges and an increase in wear is observed. A new mechanism of wear by soot 
is therefore suggested and discussed to explain this effect. 
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 17 CHAPTER 1        Introduction 
Diesel engines are becoming increasingly used in passenger cars, especially in Europe, mostly 
because they offer superior fuel efficiency compared to their gasoline counterparts. A major drawback 
with this type of engine is in the high level of soot it produces.  Nowadays this level of soot is increased 
further by measures to reduce oxides of nitrogen (NOx) emissions, including exhaust gas recirculation 
(EGR) and retarded ignition. While most soot produced passes into the exhaust where it is captured by 
a particulate trap, some reaches the lubricant (engine soot).  This engine soot has been found to 
promote wear levels of wear of the engine parts if not properly controlled so there is considerable 
interest in understanding how engine soot enhances wear and in developing lubricant additives that are 
able to suppress the negative impacts of soot on wear. 
 
Lubricating oil additives enhance the lubricant’s performance and protect engine parts from friction and 
wear. Two very important additives are antiwear additives, which form films on rubbing surfaces that 
protect engine parts from excessive wear, and dispersants, which limit the agglomeration of engine soot 
by stabilising soot particles in suspension in the lubricant.  
 
A number of mechanisms have been proposed to explain the effect of soot on wear of which the 
“abrasive” theory is most accepted. It is believed that soot acts as an abrasive to both the anti-wear film 
and also to the rubbing metal surfaces.  Recently, some workers have identified that the anti-wear 
additive, ZDDP, may influence sooted-wear and also suggested that the dispersant type also plays a 
significant role in determining if the antiwear film can maintain its integrity in the presence of soot. 
However the relationship between soot and these additives has never been fully understood. Therefore, 
this research aims to study the influence of lubricating additives on soot related wear and this is 
achieved through the following objectives:  
 
 Explore possible interactions between soot and ZDDP to obtain further insight into how 
soot promotes wear and how this can be mitigated. Investigate the main wear 
mechanism(s) that drives sooted-wear when a protective ZDDP antiwear film is also 
present 
 Compare the effect of commercial ashless antiwear additives and extreme pressure 
additives in sooted-wear with results obtained with the ZDDP and CB combination oils. 
This will help to identify the most efficient AW combination as well as isolate the major 
component(s) that may encourage wear by soot. 
 Investigate the effect of surface hardness on ZDDP film formation and thus wear by 
soot.  
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This thesis begins with an introduction to diesel engines and soot in Chapter 2 which aims to provide an 
understanding of the way soot develops in engines. It also describe the factors that influence soot 
formation, the chemical and physical nature of soot particles and how it can lead to engine wear. 
 
Chapter 3 presents the main principles of wear and reviews the various mechanisms which have been 
proposed to explain the impact of soot on wear in engines.  Methods of measuring wear are also 
discussed.  Chapter 4 is a historical review of boundary lubrication and a summary of the types of 
boundary lubricating additives relevant to this study. Chapter 5 focuses on the additive ZDDP and its 
antiwear properties.  
 
Chapter 6 describes the main experimental techniques employed in this research. Techniques to 
simulate friction and wear were carried out in the mini-traction machine (MTM) with an attached optical 
interferometer to observe interference images from the film track. The high frequency reciprocating rig 
(HFRR) was also used as a complimentary wear tool. 
 
Chapters 7, 8 and 9 describe the main experimental results obtained in this study.  Chapter 7 describes 
a systematic study of the effect of CB on wear in the presence and absence of ZDDP.  An unusual 
antagonistic effect of the two species is observed, with much greater wear when CB and ZDDP are both 
present than when either is absent.  Tests at varying entrainment speeds are described which suggest 
that CB is detrimental to wear even when quite thick EHL films should be present. 
 
Chapter 8 presents results on the effect of ashless antiwear, extreme pressure additives and 
dispersants on soot enhanced wear.  This investigation was carried out using the MTM and MTM-SLIM 
rig to observe and compare the effects of such additives with respect to ZDDP. It indicates that all 
antiwear and EP additives studied have an antagonistic interaction with CB in terms of wear, although 
this is less than that of the ZDDP studied in Chapter 7. 
 
In Chapter 9, the effect of surface hardness on soot-induced wear is investigated. This study was 
carried out using both the reciprocating MTM technique and the HFRR to observe and compare the 
wear behaviour for ZDDP/CB combination oils in sliding with mixed sliding-rolling conditions.  It is shown 
that the combination of ZDDP and CB is prowear even with high hardness steels. 
 
The discussion chapter considers the experimental results and the previous literature and derives what 
the author considers to be the most probable wear mechanism by which soot promotes wear in engine 
oils. Finally, Chapter 11 summarised the main findings of the work and makes some suggestions for 
possible follow-on research in the field. 
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2.   Diesel Engines  
& Soot 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
Diesel engines have been used for many years in commercial vehicles but are now 
becoming widely used in passenger cars, particularly in Europe.   This is because they are 
intrinsically more efficient than gasoline engines and thus provide greater fuel economy. 
However, they are notorious for producing soot which is harmful both to the environment 
and to the engines themselves.  
This chapter describes how the diesel engine works and the factors that encourage soot 
formation.  The nature and properties of soot are then reviewed.  Finally the negative 
impacts of engine soot are discussed. 
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2.1 Diesel engines and Soot - An Introduction 
 
Like gasoline engines, diesel engines are internal combustion systems that convert chemical energy in 
fuel to mechanical energy that moves engine pistons up and down inside the cylinders. These pistons 
are connected to the engine crankshaft, which changes their linear motion into the rotary motion needed 
to rotate the vehicle wheels. In both engine types, energy is released during combustion as fuels react 
chemically with oxygen from the air.  
 
The fundamental difference between gasoline and diesel engines is the mechanism of fuel combustion. 
In gasoline engines, combustion is initiated by sparks from the spark plugs, while diesel engines use 
compression ignition. Here, the fuel ignites when injected into air in the combustion chamber that has 
been compressed to a temperature high enough to induce ignition. 
 
Older diesel engines inject fuel into a pre-chamber where it ignites before the combustion spreads to the 
main chamber. This leads to heat losses and reduced efficiency, but is relatively simple to design.  More 
recently, direct-injection (DI) diesel engine designs have been developed. In DI engines, the pre-
combustion chamber is removed and the fuel-air ratios are electronically-controlled to deliver precise 
amounts of fuel when needed at precise angles and locations into the compressed air chamber. DI 
engines produce less carbon dioxide, carbon monoxide and unburnt hydrocarbon than their 
predecessors.  
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Fig 2.1: Schematic diagram of typical diesel engine [1] 
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2.1.1 Advantages of Diesel Engines 
 
Early diesel engines had a limitation in that they produced high carbonaceous emission (i.e. soot) and 
gained a reputation for being extremely dirty. This problem has been addressed over the years through 
fuel reformulation, engine redesign and exhaust treatment.  Modern diesel engines have now become a 
more popular choice for passenger cars, especially in Europe, for a number of reasons: 
 
 The primary advantage is their fuel economy. Diesel engines are usually 20 % to 40 % more 
efficient than their gasoline counterparts and therefore more cost-effective in the long run.  
 
 Because of their improved fuel-efficiency, CO2 emission, a by-product of combustion and a 
major contributor to global warming, is smaller from diesel engines than gasoline ones.  
 
 Advances in technology (DI engines) have seen a significant reduction in the exhaust 
emissions to the extent that smoke and smell have been virtually eliminated from diesel-engine 
emission. 
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 Diesel has been rated the safest form of hydrocarbon fuel today. This is owed to its relatively 
high flash point and its high density, compared to gasoline.  
 
 Diesel engines tend to be more desirable in commercial vehicles for their torque 
characteristics. They have their peak torque at very low speed ranges, which allows the diesel 
engine to manage high loads at slow speeds, even from rest. They are very useful for towing 
applications. 
 
Despite all these obvious advantages, diesel engines remain major contributors of soot to the 
environment. Soot is generated during the high temperature combustion process of diesel fuel and is 
emitted through the exhaust system as exhaust soot or reaches the lubricant to form engine soot. 
Engine soot accumulates in the lubricant and, especially because of long drain intervals prevalent 
today, can often reach high concentration levels of more than 5 % wt.  This engine soot can promote 
wear and failure of engine parts if not properly controlled. 
 
 
 
2.2 Introduction to Soot 
 
 
2.2.1 What is soot? 
 
Soot is the solid particulate matter that is produced during the incomplete combustion of hydrocarbons. 
It is a highly carbonaceous species [2] comprising approximately of a ratio of eight carbon atoms to one 
hydrogen atom [3]. In diesel engines, soot originates in the combustion chamber as a result of 
incomplete combustion because, unlike in gasoline engines (where the fuel has a long time to 
evaporate before ignition), ignition immediately follows fuel injection so that a few tiny droplets of liquid 
are inevitably present as well at local zones with very high hydrocarbon content.   Once formed, the soot 
particles are then expelled through the exhaust system to form exhaust soot or remain in the lubricant to 
form engine soot. Both forms of soot are detrimental as the former leads to health and environmental 
concerns while the latter can cause lubricant damage, ultimately leading to engine failure.   
 
Such deleterious effects have fuelled research over the decades to understand how soot can be 
controlled to minimise its negative impacts. To achieve this, it is important to appreciate the factors that 
contribute to increased soot levels in lubricants. A few of these factors are highlighted below: 
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1. Increased demand for diesel engines: Diesel engines are becoming increasingly desirable 
on the basis of better fuel efficiency and economy when compared to other internal 
combustion engines. They also emit less carbon dioxide exhaust gas, which is desirable in 
view of the increasingly stringent regulations arising to control exhaust emissions.  
 
2. Exhaust gas recirculation (EGR): A major drawback of diesel engines is the high level of 
oxides of nitrogen (NOx) emitted during fuel combustion. NOx is a common greenhouse gas 
that contributes to smog and acid rain. Exhaust gas recirculation units (EGR) were introduced 
in an attempt to reduce the level of NOx in light duty diesel engines to acceptable limits. EGR 
units re-circulate exhaust gases back into the intake flow. By mixing the incoming air with 
exhaust gas, the flame temperature and the oxygen concentration of the working fluid in the 
combustion chamber is lowered [4]. Since NOx formation is accelerated at very high 
temperatures, the lower temperature minimises this. However, particulate matter increases 
with EGR due to lower oxygen levels present in the combustion chamber. If EGR is increased 
further, the engine operation reaches zones with higher instabilities, resulting in higher soot 
emission and even power loss [4] [5] [6]. EGRs have been very successful at minimising NOx 
but can be a major contributor to increased soot level in lubricants. 
 
3. Retarded fuel injection timing is a technique also employed to reduce NOx formation in 
diesel engines by delaying the combustion process to a later stage during the expansion 
stroke. This modification increases the concentration of soot reaching the engine oil as 
reported in [7] and [8]. 
 
4. Longer drain intervals: these are steadily increasing, to beyond 100,000 km in some heavy 
duty vehicles, leading to higher levels of soot in the oil. This puts a greater strain on lubricant 
additives which must maintain the soot in a well dispersed state as well as counter the 
deleterious effects of soot on wear [9]. 
 
 
2.2.2 Soot Formation Process and Soot Composition 
 
Soot is formed during the combustion of hydrocarbons and is a particulate solid made up of mostly 
carbon and traces of other elements such as hydrogen and oxygen. It also contains a soluble organic 
fraction (SOF) whose constituents include aromatic compounds and other unburnt hydrocarbons [10]. 
Table 2.1 gives an overview of the composition of a typical soot particle [11]   
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Table 2.1. Elemental composition of diesel soot particulates 
Element C H N O S 
Virgin soot 83.5 1.04 0.24 10.5 1.13 
Degassed soot 83.8 0.85 0.22 10.7 0.10 
 
Soot is formed through a series of stages as detailed below: 
i. Pyrolysis: soot pre-cursor formation stage 
ii. Nucleation: here, heavy polyaromatic hydrocarbon (PAH) molecules form nascent soot 
particles 
iii. Surface growth 
iv. Coalescence and agglomeration 
v. Soot formation and carbonization 
vi. Oxidation        
 
 
i. Pyrolysis: pyrolysis is the process by which the molecular structures of organic compounds are altered 
at very high temperatures. This process does not involve oxidation, even in the presence of oxygen rich 
species, but decomposes the fuel under extreme temperatures (1585 – 1700 K) [12], creating soot-
forming precursors. The molecular precursors of soot particles are thought to be heavy polycyclic 
aromatic hydrocarbons (PAHs) of molecular weight 500 – 1000 amu [13]. Experimental work shows that 
the other main soot-precursors are unsaturated hydrocarbons, polyacetylenes, acetylene, C2H2, C2H4, 
CH4, C3H6, and benzene [14]. 
 
 
 
Fig. 2.2: Schematic diagram of the steps in the soot formation process from gas phase to solid 
agglomerated particles [3] 
 
ii. Nucleation: or inception of particles is the formation of particles from the gas-phase reactants that 
takes place at high temperatures usually in the range of 1300 – 1600 K. It was reported by Bartok et al 
[15] that the smallest solid particles formed have diameters in the range of 1.5-2 nm. This minute 
particles are referred to as the nuclei, the foundations on which soot surface grows. Particle nuclei do 
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not contribute significantly to the total mass of soot but play a role in the surface growth of soot as they 
provide the necessary active sites for surface growth. Bartok’s work also confirmed that nucleation 
occurs in the primary reaction zone, where high temperature, radicals and ion concentrations are at 
their peak in both diffusion and premixed flames.  
 
Many theories have been proposed to explain the mechanisms by which soot intermediates are formed, 
of which the PAH model and polyyne model hypothesis have been the most accepted. Under the PAH 
model, the PAH monomers begin to collide and stick to each other once they have reached a certain 
size. This leads to PAH dimers and trimers being formed which eventually evolve into solid particles as 
they continue to cluster together during collisions [16]. The polyyne model assumes that radicals 
capable of forming a polyyne complex, with multiple triple bonds, become centres of polymerization [17]. 
A polyyne molecule and a polyyne radical or two polyyne molecules react to form the polyyne 
complexes. These complexes later evolve into soot particles.    
 
iii. Surface growth: after the nucleating soot particles have been formed, the mass of the particle is 
increased by further addition of gas phase species such as acetylene, PAH molecules and their 
radicals. During surface growth, reactions occur on the active sites of the hot soot particles which 
readily accept hydrocarbons from the gas-phase in the form of acetylene. This process leads to an 
increase in soot mass, while the number of particles remains constant [2]. Study has shown that surface 
growth can take place at low temperatures in regions independent of the primary reaction zone. 
However, the mechanism by which surface growth occurs has not yet been fully understood. Frenklach 
[16] [18] [19] proposed that the soot particles grow by the HACA-mechanism (Hydrogen abstraction, 
Carbon addition) as illustrated in Fig 2.3. It is believed that the abstraction of a hydrogen atom from 
PAH molecules creates radicals with sites for incoming gaseous hydrocarbons to react with. This 
encourages surface growth to take place [16]. It is important to note that the residence time for surface 
growth determines the total soot mass or soot volume fraction i.e. higher residence time creates larger 
soot surface and vice versa.  Study has also shown that the rate at which small particles grow is greater 
than the growth rate for larger particles because small particles have more reactive radical sites [15]. 
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Fig 2.3: (a) The HACA mechanism for planar PAH growth, and (b) extended to the surface growth 
of soot [16]-[19] 
 
iv. Coalescence and agglomeration: at this stage, so-called primary soot particles, collide and fuse, 
leading to fewer particles but the same mass of soot. When two particles are said to coalesce, it means 
two roughly spherically-shaped particles fuse to form a single particle. Particle coalescence can occur 
under three regimes:  
 The free molecular regime,  
 The continuum regime or  
 The transition regime [17].  
During agglomeration, individual particles stick together to form large groups of primary particles which 
have also been observed later to form chain-like structures. This chain-like structure is prominent in 
exhaust soot from diesel engines.  
 
A number of factors govern the projected size of primary particles i.e. operating conditions, injector type 
and conditions and sampling techniques.  Several techniques have been employed to study the primary 
particle characteristics and structure over the years. Lee et al [20] adapted the sampling probe 
technique while Bruce et al [21] used the optical scattering technique. Both researchers reported 
primary particle sizes in the range of 20-50 nm with an average diameter of 30 nm (30-70 nm for Bruce 
et al [21]). Another technique called the in-cylinder light-scattering method was carried out in diesel 
engines and results showed a primary particle range size of 30-50 nm.  
 
 27 CHAPTER 2        Diesel Engines & Soot 
 
 
Fig 2.4: A schematic reaction path leading to soot formation [17] 
 
 
v. Soot formation: carbonization occurs in the late stages of soot formation when mature soot particles 
collide and stick to each other. The poly-aromatic species that make-up the soot particle undergoes a 
sequence of processes to convert it from its amorphous state to a graphitic structure. The sequence of 
processes begins with a functional group elimination, cyclization, ring condensation, ring fusion, 
dehydrogenation and growth and finally alignment of polyaromatic layers [17]. Carbonization leads to 
the formation of chain like structures because the active sites on the soot surface have been reduced. 
Dobbin [19] reported agglomerates consisting of about 30-1800 primary particles that made up the 
chain-like structures, with an average diameter greater than or equal to 100 nm [23]. 
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vi. Oxidation: oxidation is the process by which carbon and hydrogen are converted into combustion 
products. This process occurs at the soot particle surface [24] [25] and competes with the soot 
formation process. Oxidation reactions can occur at any time from pyrolysis to agglomeration. The main 
oxidation reactants are OH, O and O2 molecules. Under fuel-rich conditions, OH has been found to be 
the major contributor of oxidation while O2 encourages oxidation in fuel-lean conditions [26] [27]. Study 
has shown that other possible oxidants are CO2, NO, N2O and NO2. The oxidation process is believed 
to take place in two stages.  
 Adsorption of the oxygen on the surface and  
 Desorption of the oxygen with the attached fuel component from the surface as a 
product [28]. 
 
It was reported by Glassman [29] that the oxidation of soot tends to occur when the temperature 
exceeds 1300 K while Smith et al [30] suggested that the high resistance of soot to oxidation is due to 
the graphite-like structure produced during formation. 
 
 
 
2.2.3 Physical properties of soot 
 
The average density of soot is 1.84 ± 0.1g/cm3  as reported by Choi et al [31] and the particles are 
porous in nature [32]. The physical nature of soot is characterised by soot particle size and aggregation, 
physical structure and volume fraction/concentration. 
 
(a) Particle structure and size: when soot is sampled, its particles are in form of agglomerates, 
chain-like rods, which are typically 100 μm in size. These agglomerates are made up of smaller, loosely 
joined particles, 0.1 – 1 μm in diameter with a porosity of 0.95. These particles are in turn made up of 
even smaller carbonaceous particles called spherules that have been reported to be 10-50 nm in 
diameter [33].  
 
 
 29 CHAPTER 2        Diesel Engines & Soot 
 
Fig. 2.5: Micrograph of diesel soot showing particles consisting of clusters of spherules [2] [25] 
 
 
Spherules are known as primary particles (fundamental units of soot agglomerates) and, as their name 
implies, are almost near spherical in shape. Primary particles contain about 105-106 carbon atoms [19].  
X-ray diffraction of spherules indicates that the carbon atoms of the primary soot particle are packed 
into hexagonal face-centred arrays, known as platelets. Platelets are arranged in layers to form 
concentric crystallites [14] [34] with inter-layer spacing of 0.35-0.36 nm [35] [36]. They posses a 
turbostratic structure which is similar to that seen in pure graphite.  
 
 
Fig 2.6: Substructure of soot particulate [25] 
 
Upon inspection of the primary soot particle using transmission electron microscopy (TEM), a 
microstructure proposed by Kawaguchi [34] is revealed as seen in Fig. 2.7. The particle consists of an 
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inner core formed of minute particles and outer shell made of many carbon crystallites. These soot 
particles rarely exist separately but fuse together to form agglomerates. 
 
 
Fig 2.7: Microstructure of diesel soot particles [17] [34] 
 
 
Primary particles stick together to form secondary particles that are observed as chain-like structures 
(typically 100 nm in size). Secondary particles accumulate to form clusters whose formation and size 
strongly depends on the additives present. These clusters are often referred to as tertiary particles and 
have been reported by Bardasz [37] to influence low shear rate rheology.  
 
(b) Volume fraction concentration:  the volume fraction of soot obtained from test drain oils 
varies as it depends on the fuel type used for combustion as well as the engine operating conditions. 
Previous researchers such as Bardasz [37] have reported soot loadings as high as 10% wt., which can 
be classed as severe soot load. This present work aims to look at soot loading of up to ~ 5% wt. to gain 
insight into the effect of contaminants at a moderate soot load.  
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2.2.4 Chemical properties of soot 
 
Comparison of exhaust soot, engine soot and Carbon black  
 
Due to the difficulty of obtaining repeatable samples of engine soot, and because such soot is 
contaminated by the lubricant additives present in the engine oil from which it is obtained and thus, in a 
sense, specific to that lubricant, carbon black is often employed as a surrogate for soot in research. In 
the current project, carbon black Vulcan XC72R (CB) was used. Commercial CB possesses very similar 
primary particle structure and size to soot as seen below in Fig 2.8. It also forms similar aggregates in 
lubricants that resemble secondary particles which makes it a realistic soot-surrogate in morphological 
terms.  
 
 
 
Fig 2.8: Electron micrograph of diesel soot (A) and Vulcan XC72R (B) [2] 
 
However, there has been little agreement on which carbon black best resembles engine soot as the 
routes of their formation are quite different. Thermo-gravimetric analysis of engine soot, exhaust soot 
and carbon blacks was carried out by Clague [2] to identify and compare their carbon, ash and volatile 
content, as seen in Table 2.2.  
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Table 2.2: Thermogravimetric analysis of soots and carbon blacks [2] 
Sample Carbon content 
(%) 
Ash content 
(%) 
Volatile content 
(%) 
Engine soot A 
Extracted* A 
Engine soot B 
Extracted B 
75.6 
86.7 
79.8 
88.4 
2.2 
1.8 
1.8 
1.2 
22.2 
11.5 
18.4 
10.4 
Exhaust soot 
Extracted 
57.7 
35.1 
27.1 
53.0 
15.2 
11.9 
Furnace blacks: XC72R 
Channel blacks: S170 
98.8 
94.8 
0.9 
0.02 
0.3 
5.0 
 
In Clague’s work, “extracted soot” was obtained using soxhlet extraction with dichloromethane (DCM) 
for 48 hr for both exhaust and engine soot. The extract was then dried and retained for analysis before 
undergoing further benzene extraction for an additional 48 hr. These extracted soots were considered to 
be “clean” in that any non-carbonaceous species detected on the soot particles must have been 
strongly bound. 
 
From the table, we can see that both engine soot and carbon black have high carbon content while they 
differ in ash and volatile content. According to Clague [2], this variation is predominantly due to the 
method of quenching after the carbonaceous primary particles have formed. For CB, quenching occurs 
very rapidly either by water (method to form furnace black) or by water-cooled collectors (method by 
which channel blacks are formed). On the other hand, engine soot accumulates in the sump and is 
quenched quite slowly against relatively hot, lubricant-coated cylinder walls or within the ring zone as 
blow-by gases force their way through that region. Exhaust soot also experiences slow quenching in the 
gaseous, hot and oxidative environment of the exhaust system.  
 
For the same study, the oxygen level on the surface of an engine soot particle is significantly higher as 
measured using X-ray photoelectron spectroscopy – (XPS) than in its bulk, (as measured using flash 
combustion). The oxygen level for some commercial CBs was characterised as negligible.  
 
This implies that engine soot has more polar surfaces than CB and may interact with other lubricant 
species differently from the analogue. NMR analysis was able to detect polyisobutyl structures and alkyl 
groups attached to the soot particles, possibly from the dispersant molecules used to stabilise the 
colloids. On the other hand, no organic traces were found on the CB species. This organic species 
appear to be physically bound to the soot particle as opposed to being chemically bound. 
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The fundamental difference between soot and CB lies in their surface chemistry. Soot has oxygen and 
hydrogen atoms concentrated on its surface which makes it relatively polar by nature. Consequently, 
soot particles are likely to interact with and adsorb polar species that it is exposed to (either in the 
combustion chamber or in the lubricant). Exhaust soot has lower carbon content and much higher 
oxygen content. Its highly oxidised surface makes it a heterogenous species and it has been found to 
contain components such as sulphur and phosphorus which can only be from the lubricant. Generally, 
both soot types are virtually indistinguishable from CB in terms of morphology i.e. primary particle scale 
but not in terms of their surface or bulk chemistry.  
 
In the current study, Vulcan XC72-R CB was used to mimic soot as recommended by Infineum, UK. 
Like soot, the CB has high carbon content but varies largely in its ash and volatile content. This 
suggests that the CB may not respond chemically with both the lubricant and its lubricant additive 
species as would actual soot which may play a role in understanding sooted wear. However, it is found 
to be very similar to diesel soot in terms of its particle size as will be seen later in this work. 
 
 
2.3 Making synthetic soot from CB 
 
CB has been observed to differ from soot in many ways except in morphological terms. Some workers 
have attempted to develop a procedure for generating synthetic soot which will have a similar surface 
and bulk chemistry to actual soot. Successful synthetic soot would be very useful for laboratory bench 
tests in studying the effects and interactions of soot in oil. 
 
Synthetic soot has been created by using a dual oxidative treatment of CB oil mixtures to increase the 
particle surface polarity. The techniques used can be found in literature [38]-[40]. They involve treatment 
of CB at 400 C followed by a second treatment at temperatures typical of engine crankcases. The 
particles treated at 75 C imitated soot particles removed from engines operated at light load while 
those treated at 150 C acted like soot removed from heavy duty engines [40].  
 
Rausa [39] used this technique to understand the chemical–physical and morphological characteristics 
of synthetic soots, CB and engine soots. CB was found to have the lowest O/C ratio compared to other 
soot types. Engine soot had the highest O/C ratio while synthetic soot was measurably lower depending 
on the oxidative treat rate.    
 
Studies have shown that CBs with higher volatile content and lower pH make better soot surrogates 
since they interact with lubricant additives more like actual soot. 
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2.4 Factors that Influence soot formation 
 
A number of studies have been conducted to identify the factors that may influence the propensity of 
soot to form in an engine. It is quite difficult to isolate individual parameters to determine their sole effect 
on sooting and particulate matter (PM). What follows below are the parameters that some workers 
believe may promote soot formation. 
 
It is important to appreciate that compression ignition diesel engines are extremely difficult applications 
to study since they produce a partially premixed, turbulent, mixing-limited flame. As a result, controlling 
individual physical parameters that may affect soot formation and oxidation such as temperature, 
pressure, stoichiometry and fuel structure becomes problematic. Good knowledge of these physical 
parameters is fundamental to understand the effects engine design and fuel structure have on soot 
formation. A brief outline will be given to understand what parameters can influence soot formation in 
engines and more importantly, how. 
 
Temperature  
Temperature is the most important factor that influences sooting and oxidation in engines. As 
temperature increases, so do the rates of reaction for soot formation and oxidation. Soot formation and 
oxidation occur simultaneously in well-stirred reactions and are at a peak when temperatures are within 
the range of 1500-1700K [41].  As temperature increases in premixed flames, soot formation peaks and 
then falls after a maximum temperature is reached. In diffusion flames, soot formation increases 
monotonically with temperature increase. 
 
Pressure 
Pressure is a difficult factor to isolate since changing the flame pressure can influence flame 
temperature and flow velocity. In diffusion flames, change in pressure has been reported to alter thermal 
diffusivity and flame structure [29]. Flower [42] [43] carried out some work with a diffusion ethylene 
flame using pressures within the range 1- 8 atm. Flower’s work showed that the soot volume fraction 
increased between 1-5 atm. The soot particles yielded in these conditions had larger particle size, 
greater particle number density and a slightly lower peak flame temperature. Many studies have been 
carried to understand the effect of pressure on soot, yielding the general conclusion that increase in 
pressure significantly increases rate of soot formed [44]. It is understood that as pressure increases, the 
rate of reaction also increases since particle collisions will be more frequent. This leads to more soot 
precursors being formed. 
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Fuel structure and composition  
Carbon, hydrogen, oxygen and sulphur are the prime fuel elements for compression ignition 
combustion. The amount of any of these elements determines the fuel composition while the types of 
bonds (and bond location) that make up the molecules in the fuel determine the fuel structure. Literature 
suggests that fuel composition plays a role in soot formation in all types of flames while fuel structure 
influences soot formation more in diffusion flames than in premixed flames. Essentially, the greater the 
proportion of carbon-carbon bond present in the fuel structure, i.e. the larger the hydrocarbon 
molecules, the more likely the fuel is to soot. Conversely, increasing the oxygen and hydrogen content 
in the fuel, i.e. short hydrocarbons and oxygenates, decreases the tendency for soot to form. Sulphur 
has not been identified to directly impact sooting but contributes directly to the particulate mass by 
oxidizing and then attaching to soot particles, thereby increasing particle size and mass [45].  Fuel 
sulphur is, of course, much less significant in modern diesel engines than it was a decade or more ago. 
 
Ullman et al [46] studied the effect of aromatics and sulphur content on soot formation.  Both 
components were found to significantly increase soot. This effect was also later investigated by other 
workers [47] with a newer engine, and the effect of aromatic content was deemed insignificant and 
dependent on the engine technology. To better understand the effect of fuel structure, Miyamoto et al 
[48] studied a base oil mixture while varying the aromatic fuel structure content. Their results showed a 
linear increase of particulate emissions with higher C/H ratio and other workers have done work that 
also supports this finding. It was concluded that aromatics affect exhaust emissions, especially 
diaromatics, because they increase the density and viscosity of the fuel and also increase the C/H ratio, 
which is critical in determining sooting. 
 
Nakakita et al [49] carried out fuel structure studies using three representative diesel fuels. They found 
that the fuel that emitted the highest PM had 50 to 70% more branched molecular structures and twice 
as many naphthenes compared to the least sooty fuel. Takatori et al [50] extended this finding to 
conclude that soot formation increases in the order of n-paraffin, 1-branched paraffin, 2-branched 
paraffin and cycloparaffin. This suggests that other fuel structures in addition to the aromatic content 
influence soot production 
 
Interestingly, all studies that reported an increase of PM with increasing aromatics failed to keep the 
cetane number and ignition delay constant while those that concluded aromatics had no effect did not 
maintain a constant ignition delay. The more carefully performed investigations show no correlation 
between fuel structure and particulate formation. There is thus need for more careful work in this area. 
 
The effect of oxygen in fuels has been a topic extensively analysed by relating soot formation to the 
weight percent of oxygen in the fuel molecules. A critical review of this effect proposes that increasing 
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the fuel’s oxygen reduces the PM emissions. Some investigators have even reported a complete/near 
complete elimination of soot when the fuel oxygen reaches 27 to 35% [51]. Some oxygenated fuel 
structures such as ethers have been recognised to be more effective in reducing the amount of soot 
than alcohols [52]. Work done by Beatrice et al have highlighted that glycol ether structures are more 
effective at reducing soot than other ether structures but failed to give an explanation for this finding. 
Hallgren and Heywood [53] demonstrated that an increase in fuel oxygen decreases particle volume 
fraction (soot mass) but not the total number of particles emitted. 
 
In summary, the relationship between fuel composition and soot formation is still not wholly clarified. 
One problem is that the use of weight per cent as a reasonable choice of parameters by previous 
workers appears to be flawed. This is because fuel oxygen does not account for the entrained oxygen in 
the mixture and the oxygen required to pyrolyse fuel should be related to molar quantities of oxygen and 
not mass weight quantity [3]  
 
 
Effect of engine design   
Soot can result in the combustion chamber when swirling (turbulent mixing) of the combustion products 
is delayed. This can arise when the swirl in the chamber is running too high, which can cause one of the 
air entrainment jets to curve and run into an adjacent jet before reaching the cylinder wall. Because rich 
product and fresh air discharge are not properly mixed, combustion slows down and soot formation 
increases. 
 
Another engine design parameter that has been observed to affect PM emissions is the injection timing. 
More advanced timing results in lower particulate emissions and higher NOx while retarding timing 
produces more particulates and less NOx. Diesel engines are well known to produce copious amount of 
soot and a recent and more practical way of tackling this is through multiple injections within the same 
cycle. A typical multiple injection strategy employs a pilot injection (increases the temperature prior to 
the main injection thus reducing the ignition delay [54]), a main injection and a post injection. Pilot 
injections however can result in increased particulates because of higher temperatures encountered in 
this region. Auxiliary air injections are a new technology where air is injected into the diesel engine near 
or shortly after the end of injection. This system reduces PM emissions.  
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2.5 Problems of soot in oil 
 
Contamination of lubricating oil by diesel soot is a major cause of several diesel engine performance 
problems. The two main problems are  
 
 Viscosity increase by soot 
 Engine wear as a result of soot 
 
Viscosity increase by soot 
 
It is well known that addition of dispersed insoluble substances into a liquid will lead to a change in the 
blend viscosity. This same principle also applies to engine lubricants whose viscosity increases during 
service due to the accumulation of insolubles. Previous workers have identified that thickening of 
lubricant in diesel engines is primarily due to the accumulation and aggregation of soot in the oil and not 
by oxidation or other oil particulates [55]-[57]. Bardasz [58] suggested that both the volume fraction and 
soot interaction were responsible for viscosity increase in lubricants. 
 
Dispersed soot can produce very large increases in viscosity as 5.5 % wt. soot can produce a 10,000 % 
viscosity increase [9]. Soot-in-oil dispersions are thixotropic by nature and the soot particles are 
believed to entrap oil into loose networks with a large effective volume, hence disrupting the viscosity. 
This could lead to lubricant starvation as high viscosity lubricants are characterised by poor lubricity. 
 
An effective way of tackling oil thickening is to use dispersant and detergents [59] [60] to inhibit soot 
aggregation. These are commercially-available lubricant additives that act to prevent soot particles from 
forming large aggregates/clusters while in suspension.  
 
Engine wear as a result of soot 
 
Engine wear due to the presence of soot in lubricants remains one of the major problems associated 
with this contaminant. A lot of research has been carried out over the years in attempt to understand the 
mechanisms by which soot promotes wear of diesel engine parts such as the valve train parts, pistons 
and other rubbing engine components. A number of wear mechanisms have been proposed to explain 
the wear phenomena by soot, but no one mechanism has been generally accepted to be solely 
responsible for inducing wear. It is agreed that soot-induced wear is complex and may result due to a 
combination of mechanisms. The review that follows in chapter 3 will outline the major wear 
mechanisms by soot proposed to date. 
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3.  Engine Wear  
& Sooted Wear 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In rubbing systems, complete component failure can quickly result from severe damage to 
operating parts. At the other end of the spectrum, steady, cumulative surface damage can arise 
as wear. There are many different possible types of wear that can occur in rubbing surfaces and 
these processes can be enhanced when soot particles are present. It is important that these wear 
effects are properly understood when designing efficient lubricant formulations that mitigate 
against the negative effects of soot and wear. 
This chapter first discusses the main types of wear processes in metallic rubbing surfaces.  It 
then outlines the various proposed mechanisms by which soot enhances wear.  Finally different 
approaches to measuring wear are discussed. 
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3.1 General Introduction to wear 
 
 
The Institution of Mechanical Engineers defines wear as; 
 
“Progressive loss of substance from the surface of a body brought about by mechanical action” 
 
This progressive degradation process usually reduces the serviceability of a body but it can be beneficial in 
its initial stages of running- in. The physical loss of material on the contact surface(s) is a case of local 
mechanical failure at highly stressed interfacial zones [61].  
 
The occurrence of wear depends on several factors such as type and quantity of lubricant, temperature, 
hardness, surface finish, presence of physical and chemical contaminants, loading, speed etc. The mode of 
wear that can result depends on these factors and can be very broadly divided into either mechanical wear  
(controlled by deformation or fracturing of surface) or chemical wear (controlled by the rate of chemical 
reaction).  
 
In most engineering applications, wear is a destructive process which necessitates regular change of the 
affected engine components. This practice can be very expensive and time-consuming. However, wear can 
also be desirable, for example in running-in and in some manufacturing processes such as “abrasive 
processing”, in which wear is used productively to form and shape surfaces [63]. For both extremes, the 
mechanism by which degradation of the surface occurs must be fully understood to help in its prediction and 
control.  
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3.2 Types of wear modes 
 
The main types of wear mode are as follows: 
 
(a) Abrasive wear 
There are two distinct types of abrasive wear namely two-body abrasion and three-body abrasion. Two-body 
abrasive wear is where one of the rubbing surfaces is harder than the other, so its asperities indent and 
plough material from the softer surface while in three-body abrasive wear, hard particles are present 
between the rubbing surfaces. These hard particles can scrape material from either or both moving 
surfaces. Normally, the abraded surface is >20% softer than the abrading material and wear can be very 
severe at high loads [64].  Under a microscope, abraded surfaces show fine grooving in the sliding direction. 
 
The abrasive wear of ductile materials is schematically illustrated in both Fig 3.1 and Fig 3.2. The wear 
equation can be derived for abrasive wear as follows [64] 
 
LR  = AK
vH
W
      (3.1) 
where  RL = Wear rate per unit sliding distance 
  W = Load 
 Hv = Hardness 
 KA = Archard wear coefficient (non-dimensional) 
  
 
Cutting Plastic flow
Fig 3.1 Schematic of 2-body Abrasive wear [62] 
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Cutting Plastic flow 
 
Fig 3.2 Schematic of 3-body Abrasive wear [62] 
 
Abrasive wear is arguably the most common type of wear encountered in many engineering applications but 
can generally be minimized through simple material and operating modifications 
 
i. Increasing the hardness of the rubbing surfaces 
ii. Reducing the roughness of rubbing surfaces (especially the harder surface) 
iii. For lubricated contacts, putting a soft coating on one rubbing surface. This can serve as a 
medium for embedding and thus effectively removing abrasive debris particles. 
iv. Improving the filtration in lubricated systems to remove abrasive particles 
v. Increasing the oil film thickness in lubricated contacts so the rubbing surfaces are 
effectively separated.  
  
   
(b) Adhesive wear 
This occurs when lubricant film thicknesses are very thin or non-existent so that asperities on opposing 
rubbing surfaces contact one another, which can lead to strong metallic bonding or cold weld formation. This 
process promotes junction growth and metal asperities can strongly adhere together when rubbed. 
 
Plastic deformation (permanent distortion of a material under the action of applied stress) and strain 
localization results from these asperity adhesions (Fig 3.3). Consequently these asperities can be sheared 
away which eventually leads to the overall loss of material. Adhesion is more prevalent in metallic surfaces 
than non-metallic surfaces such as ceramics because of difficulties with metallic surface finishes and the 
greater tendency for most metals to weld together.  
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The effects of Adhesive wear can be minimized by  
 
i. Using materials which do not bond easily with each other e.g. dissimilar metals, ceramics. 
ii. Improving boundary lubrication on the surfaces by increasing the chemical reactivity of the 
oil; (to form thicker and stronger boundary films). 
iii. Increasing the lambda ratio () of the contact.  is defined as the ratio of fluid film 
thickness to surface roughness. Therefore, increasing the oil viscosity, using lower 
operating temperatures and smoother rubbing surfaces are valuable tactics in reducing 
this type of wear. 
 
Fig 3.3 Schematic of Adhesive wear [62] 
 
In lubricated systems with good boundary lubricating properties the rate of adhesive wear is usually very 
small. Severe adhesive wear can arise if an unreactive lubricant is used during high rolling/sliding processes 
and/or if the yield strength of the surfaces is exceeded during rubbing. In the latter, protective film layers can 
be broken up to expose fresh unprotected metal layers susceptible to high wear rates [64]. 
 
(c) Corrosive wear 
This is wear that results from the abrasive removal of chemically-reacted layers of material where the rate of 
removal is controlled by the rate of chemical reaction. Lubrication systems contain a host of corrosive 
species such as water, oxygen, carbon dioxide, sulphur compounds, anti-wear and extreme-pressure (EP) 
additives. All these have the tendency to react with the metal surface to form metal salts. Such salts may be 
relatively easily abraded (compared to the substrate).   
 
(d) Micropitting wear 
Micropitting wear is contact fatigue at an asperity scale.  During asperity contact, large cyclic stresses can 
be produced. In severe cases, the stresses can exceed the elastic limit resulting in local damage 
accumulation and finally, the formation of cracks. These cracks are dimensionally similar to the initial 
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asperities present and lead to the phenomenon of micropitting wear.  The cracks propagate at a shallow 
angle to form micro-pits (typically 10 m) which grow into the material and then flake out from the surface 
[64]. 
 
 
 
3.3 Mechanisms of soot-induced wear 
 
In the presence of soot, the wear rates of valve train parts and other rubbing engine components have been 
observed to increase [65]. Soot contamination has also been shown to compromise engine durability with 
increased EGR [66]. Simple engine bench tests such as a four-ball tribometers have been employed to 
simulate engine contacts and correlate this to the effects of soot on wear.  A number of mechanisms have 
been proposed over the years to explain the wear phenomena promoted by soot. Some researchers have 
deduced that the process of soot induced wear is complex and may be the product of several mechanisms 
[38]. There is still some uncertainty for the true mechanism by which soot enhances wear and the amount of 
soot the contact can tolerate [67]. However, the main suggested mechanisms of soot-enhanced wear are 
listed and discussed below. 
 
 
(a) Enhanced oil degradation by soot 
It was initially proposed that soot enhances oil degradation, thus promoting engine component wear. This 
hypothesis was later analyzed by Hirose [68] who employed 4-ball wear tests to determine the relationship 
between surface activity of carbon particles and wear. His work did not support this concept and other 
researchers such as Bardasz [7] and Cadman [69] also did not observe significant degradation of oils due to 
soot. 
 
(b) Adsorption of active antiwear species by soot 
Antiwear additives, such as ZDDP, protect metal surfaces by forming protective antiwear films on rubbing 
surfaces.  Some researchers have proposed that antiwear species adsorb onto soot particles and this 
prevents the former from adsorbing and reacting with rubbing surfaces to form protective films. 
 
Rounds [8] [70] first proposed this mechanism and explained it using an “acid-base” interaction between the 
ZDDP anti-wear decomposition products and soot. He suggested that the ZDDP anti-wear species were 
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acidic phosphates and would be expected to preferentially adsorb or react with basic species on the CB 
surface. Therefore, the greater the basic nature of the CB species, the less effective the anti-wear species 
would become, thereby enhancing wear.  Rounds showed that soot acted as an adsorbent and could be 
partially responsible for the pro-wear effect of diesel soot.  He also showed an increased adsorption rate of 
anti-wear species on soot particles at a temperature of 100 ºC.  
 
Hirose [68] and Hosonuma [71] carried out work to investigate the acid-base interaction proposed by 
Rounds. Hirose found that the carbon surface activity had a large effect on the additive elements that 
adsorbed to it. However, the adsorption mechanism of anti-wear additives on to soot was considered to be 
invalid as Hirose showed that carbon species had poor selectivity for the adsorption of additives. Hosonuma 
studied the decomposition of ZDDP and found the anti-wear performance of ZDDP was mainly due to its 
phosphorus-containing decomposition intermediates. However, his tests showed that zinc-containing anti-
wear intermediates as opposed to the film-forming phosphorus-containing species such as tetra-
alkylperoxidiphosphate (TPDP) adsorbed on to soot. Kawamura [72] also reported no noticeable adsorption 
of phosphorus compounds on soot particles. Sulphur and calcium were detected on the surface of soot 
aggregates using EDX analysis, but zinc and phosphate amounts were below the detection limit for this tool. 
Therefore, it is unlikely that the increase in wear is caused by the adsorption mechanism of anti-wear agents 
unto soot particles as proposed by Rounds. 
 
It is clear from these studies that the chemical nature of the soot particle may play an important role as it 
may alter lubricant chemistry. However, none of these studies confirm that soot chemically promotes wear 
by preferentially adsorbing unto the anti-wear active sites thereby inhibiting them from forming protective 
films. 
 
(c) Competitive adsorption of ZDDP molecules and soot onto metal surface 
This mechanism was proposed by Berbezier [73] who studied the role of soot                                    
on mild lubricated wear. Using analytical techniques such as TEM and XES, he concluded that the 
adsorption of anti-wear agents on soot did not contribute to wear as none of the ZDDP elements were 
detected on the carbon black particles. He suggested that increased wear could be a result of the reduction 
of surface coverage rate by ZDDP due to soot adsorption on the contact surface. He also speculated that 
wear was the result of the modification of the physical and mechanical properties of the reaction film by the 
presence of soot.  
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(d) Metal surface transition from anti-wear Fe3O4 to pro-wear FeO by soot 
Corso and Adamo [74] studied the effect of diesel soot on reactivity of oil additives. They found that the 
presence of soot greatly influenced the adsorption/chemisorption mechanism of ZDDP on metal surfaces, 
inducing a transition from anti-wear Fe3O4 to prowear FeO. At high soot concentrations and at high 
temperatures, limited oxygen reached the surface, and the proper surface equilibrium was disrupted. Hence, 
the metal surface was unable to form the anti-wear Fe3O4 layer and FeO, the reduced form, was formed 
instead. This promoted scuffing and wear. 
 
(e) Soot particle size comparison to the EHD film thickness 
Needelman [75] observed a relationship between soot particle size and lubricant film thickness. Wear 
occurred when the contaminant particle size was similar to or greater than the film thickness i.e. the film 
thickness at which the particles could make simultaneous contact with both surfaces. Narita [60] [76] also 
carried out some engine tests to study effects of particle size and film thickness on wear. Soot having a 
majority of particles of the same or greater size than the oil EHD film thickness showed the highest wear 
compared to dispersions with smaller CB particle diameters. Carbon particles with diameter equivalent to or 
greater than the EHD film thickness did not pass through the contact. It was postulated that wear may be 
caused by lubricant starvation and abrasion. 
 
Mainwairing studied two sizes of CB (30 nm and 60 nm primary particle diameter) [77]. He found that 
primary soot particles increased the rate of wear if they were large in comparison with the prevailing oil film 
thickness. His study showed that the soot particles were robust enough to damage metal surfaces directly 
by abrasion and also abrasion of the anti-wear film. The overall rate of wear was dependent on the balance 
between film formation and film removal. Film removal was a factor of the film thickness, the soot particle 
size and the particle concentration. 
 
(f) Lubricant starvation  
Lubricant starvation can occur when solid particles in high sliding contacts accumulate at the inlet and block 
lubricant flow. Cusano [78] used a glass disc on steel ball contact to observe particle entrainment and noted 
that the starvation mechanism could explain the increase in friction and wear observed in soot. Colacicco 
[79] also ascribed the pro-wear behavior of soot to the aggregation of the particles at the inlet of the contact, 
leading to starvation and thus to the adhesive transfer of material between the contacting surfaces. His 
experimental work showed that soot aggregates formed and were wide enough (6 µm) not to penetrate in 
the contact. Narita [60] also came to the same conclusion as he observed that carbon particles with 
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diameters equivalent to or higher than the film thickness did not enter the contact thereby leading to wear as 
a consequence of starvation. 
 
(g) Corrosive wear by increased EGR and sulphur 
Akiyama studied the impact of exhaust gas recirculation on cylinder wear [80]. He found that under EGR 
operation, cylinders and top rings showed abnormal wear as the cooling water temperature was decreased. 
This increased wear was supposedly owed to the SOx products of combustion (re-circulated by EGR) 
reacting with water present at lower temperature to form sulphuric acid and results in corrosive wear. Thus 
he proposed that the apparent dependence of wear on soot actually originated from an increase in acid 
gases that correlated with soot levels. 
 
(h) Abrasion of metal surfaces by soot 
Abrasion is by far the most widely proposed and accepted mechanism by which soot promotes wear. It has 
been proposed that soot particles cause wear by either three-body abrasive wear of the steel surfaces or 
the abrasive removal of the protective anti-wear film from the surfaces. Ryason [81] compared the 
hardnesses of silica, alumina and carbon black to distinguish their abrasive nature in lubricants. These tests 
established that soot acted as an abrasive by creating polishing wear even though soot particles were 
classified as soft particles by Rounds [40]. Mainwaring [77] conducted a study on heavy-duty diesel engines 
and concluded that the primary particle size was the most fundamental in determining wear. This is because 
it is the primary particles that are entrained into the contact (provided they are dimensionally smaller than 
the film thickness). Enhanced abrasive wear was also observed as polishing in his study. Jao [82] studied 
the characteristics of soot in diesel engines. His work showed that soot particles were sufficiently hard to 
abrade metal diesel engine parts. The wear scars caused by soot particles were analyzed and showed 
grooves equivalent to the carbon primary particle size. He thus concluded that metal abrasion was a 
mechanism by which soot promotes wear. 
 
(i) Abrasion of anti-wear film by soot    
Even if soot were not hard enough to abrade steel, it should still be sufficiently hard to abrade ZDDP anti-
wear film, which is generally believed to be primarily zinc phosphate. Loss of the anti-wear film could lead to 
either enhanced adhesive wear, or, as suggested more recently, to the stimulation of a faster anti-wear film 
formation to match the faster removal; resulting in the corrosive loss of the substrate [84]. 
 
Cadman [69] investigated the effect of EGR on engine wear and found increased levels of particulates and 
higher wear rates. He came to the conclusion that the soot acted as an abrasive to remove the antiwear 
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surface coating produced by the lubricant additive on the rubbing metal surfaces. Negai [5] also carried out 
a similar study to which he found that the antiwear film was easily removed by the abrasive action of soot. 
Van Dam [83] suggested that the rate of film removal of the antiwear layer was enhanced by soot, leading to 
a higher reaction rate and thus corrosion of the substrate. Recently, Booth et al [84] published a study of 
additive interactions with soot using factorial analysis. This revealed that primary ZDDP appeared to 
increase pin wear due to “immature” anti-wear film formation, which the soot particles easily and rapidly 
removed. 
 
Taylor [85] – [86] studied ZDDP film thickness with and without particulates present using an in-situ 
interferometry apparatus. Results (Fig. 3.4) showed a steady film growth (120 nm thick) using just ZDDP-
containing mineral oil. The ZDDP reaction film was, however, rapidly removed when ZDDP-containing oil 
was replaced by a soot-containing dispersion, supporting the mechanism of antiwear film abrasion.  
 
 
 
 
 
 
 
Fig 3.4 Influence of added soot on ZDDP reaction film thickness in a 50% SRR test at 100 ºC [86] 
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3.4 Methods used to measure wear 
 
Numerous tests for measuring wear have been developed over time, some specific to certain applications. A 
useful review of test methods for measuring wear is provided by Brown [87]. 
 
This section aims to briefly describe six main categories of methods used in measuring wear applicable to 
this study. Ruff [88] identified four of these categories in his book namely mass loss measurement, linear 
measurement, area measurement and volume measurement. The use of thin or surface layer activation 
(TLA or SLA) and inductively coupled plasma atomic emission spectroscopy (ICP-AES) are the two final 
techniques of measuring wear that will be discussed. 
 
i. Mass loss measurement 
This involves taking readings of the weight of the test specimen(s) before and after the wear test is 
conducted. This is a straightforward method to calculate the wear rate but is only practicable for relatively 
high wear rates and for small wear components (with a low component weight). Wear measurements can 
only be taken at the end of tests and great care is needed to clean the test specimen thoroughly to get 
accurate readings. 
 
ii. Linear measurements 
As wear takes place, the displacement of the holder of the test specimen can be measured e.g. as is often 
done in pin-on-disc rigs. This method also includes measuring the change in diameter of a cylindrical shaft, 
disc or brush after wear. Again, this approach is best suited in severe wear regimes with appreciable 
material loss. 
 
iii. Area measurement 
Wear can be determined by measuring the area of the contact scar of a stationary surface at the end of test 
e.g. V-block and in HFRR rigs. This approach is very useful when studying mild wear, where only submicron 
depths of material are removed. The volume of material is calculated from the original geometry of the 
surface. The method has to make some assumption about the profile of the worn area. 
 
iv. Volume measurement  
This involves using a 3-D surface profilometer to analyse the volume of material removed from wear 
specimens. This technique is useful for studying very mild wear in both pure rolling and rolling-sliding 
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contacts, as shown by Gahlin [89] whose topographic study was able to assess wear levels of less than 50 
nm thicknesses.  
 
v. Thin layer activation (TLA)  
TLA is a selective and sensitive in-situ method for monitoring wear and corrosion in industrial applications 
without the need to dismantle the engine. It is therefore a cost and time effective method of studying engine 
wear. The basic principle of TLA is the creation of radionuclides in the surface layer of the material or 
components to be analysed to a well-defined depth of the selected area. To do this, the surface is impacted 
with a beam of electromagnetic radiation in the energy range of 5 – 100 MeV. Following surface activation, 
wear is measured either by observing the radioactivity of the lubricant (and thus the amount of material that 
has been worn from the surface) or from the reduction of the surface radioactivity, due to loss of material by 
wear. This reduction can be directly related to mass loss or thickness reduction. Use of radioactive energy 
poses health and safety concern associated with this approach and is not recommended for bench test use 
[90].  
 
vi. Inductively-coupled plasma emission spectroscopy (ICP-AES)  
The ICP method is a popular method employed in lubricant industry to monitor wear levels in operating 
machinery but has been rarely used in wear bench tests. The method is able to measure the concentration 
of most metals, including iron, down to parts per billion (ppb). Fan and Spikes [91] developed a novel test 
method by employing the ICP to monitor wear rate in very mild wear conditions. This involved analyzing 
lubricant samples collected intermittently during routine wear tests conducted on the MTM machine. Results 
achieved prove that this technique is reliable and repeatable. 
 
The current study will adopt area measurement technique to estimate and compare the area of material lost 
from the test specimen contact surface after rubbing. This will give an understanding of the wear rate with 
various lubricant compositions. 
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4.   Lubrication & 
Lubricating Additives 
 
 
. 
 
 
 
 
 
 
 
 
 
 
  
This chapter first gives a brief history of the development of lubricants.  It then describes the main 
types of lubrication regime, followed by the common lubricant additives.  Finally the important 
concept of lambda ratio is defined and described. 
Lubrication is a fundamental concept that must be fully understood when formulating lubricants for 
different engineering applications. A good lubricant must be viscous enough to maintain a lubricant 
film under operating conditions, withstand thermal and oxidative stresses, control friction and wear, 
be a good solvent for additives while also being unreactive to component materials. Lubricant 
additives are frequently used to increase and/or sustain the lubricants efficiency by imparting a 
single or combination of these properties to the oil.  
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4.1 Lubrication Regimes 
4.1.1 Introduction to Lubrication 
The art of lubrication has been applied for thousands of years, primarily to reduce friction and wear between 
moving surfaces. Consequently, considerable advances have been made into understanding lubricants and 
lubricant technology in engines and other engineering applications. A lubricated system simply consists of a pair 
of surfaces moving against one another under a load with a lubricant film separating the surfaces [96]. The 
lubricant film present depends on the lubricant’s physical and chemical properties. Physical properties such as 
viscosity, density, heat capacity govern a lubricant’s ability to work under fluid film lubrication while solvency, 
dispersancy, anti-wear, frictional properties are chemical characteristics that determine how effective it is while 
operating in very thin mixed and boundary lubrication conditions. There has been a growing trend for lubricated 
machinery to operate with thinner lubricant films and for longer periods of time [97]. This places a direct strain on 
the lubricant to maintain its function while withstanding extreme conditions. A good understanding of how 
lubricants work under fluid film and boundary lubrication is therefore required in order to improve lubricant 
design, not least in relation to contaminant control. 
 
After a brief historical review of liquid lubricants, this section details the main types of lubrication regimes and 
also common lubricant additives and their uses. 
 
 
 
4.1.2 A historical review on Lubrication 
 
Lubrication is generally based on two main principles [96] 
 
i. To separate surfaces through fluid pressure so asperity contact is prevented  
ii. To form a sacrificial, protective surface film to minimise shear stresses during contact 
 
The topic of lubrication began as early as 1886, when Reynolds hypothesised from his studies that the lubricant  
could be entrained into a converging rubbing contact to form a pressurised fluid film which could support a 
contact load.   From his analysis, the thickness of this fluid film was solely dependent on its viscosity, implying 
that the latter was the only lubricant property relevant in determining lubricating ability.  However soon after 
Reynolds’ work, engineers began to notice that mineral oils showed very different friction and wear behaviour 
compared to natural oils derived from animals and plants even though both were of similar viscosity grades. The 
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mineral oils often showed increased wear at high temperatures which corresponded to very thin hydrodynamic 
films while the natural oils showed improved performance in an identical environment. This new lubricant 
property was termed “oiliness”, and  led to the recognition of a new lubrication regime, boundary lubrication. 
 
Around 1916, Wells and Southcombe [98] found that low concentrations of long chain surfactants reduced 
friction and wear in the boundary lubrication region, i.e. at low speeds and high loads. They believed that the 
surfactant molecules adsorbed on the rubbing surfaces.  
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Fig 4.1: Evolution of the field of boundary lubrication: Adapted from [99] 
 
Langmuir [100] showed that surfactant molecules adsorbed on surfaces to form vertically-oriented mono-layers. 
This work was published in the 1920s, and it was within this same period that Hardy and Doubleday [101] first 
described effective reduction of friction and wear by opposing bodies using the term boundary lubrication. Their 
work correlated with the concept of surfactant molecules forming molecular films; however they believed that this 
molecular orientation extended beyond mono-layers and were capable of forming “multilayers” [102]. Surfactant 
molecules were found to be most effective when they had a linear chain of at least twelve carbon atoms.  
 
Within the decades that followed, extreme pressure (EP) additives were developed to cope with high friction and 
wear that led to gear scuffing. These are still routinely used in lubricants today to protect heavily-loaded high 
sliding components such as gears and cams. Soon after this, the discovery was made that organophosphorus 
compounds are useful to combat wear in engines at high temperature and long term operating conditions. These 
additives generated thick stable films on rubbing surfaces that minimised the asperity contacts and thus wear. 
Phosphorus-based additives are now used in all transmission, gas turbine and crankcase engine lubricants, with 
the additive zinc dialkyl dithiophosphate (ZDDP) being almost universally used in crankcase engine lubricants.  
Year 
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One disadvantage ZDDPs and some other phosphorus antiwear additives can have is to produce an increase in 
friction. Taylor and Spikes explained this as inhibition of fluid entrainment due to the formation of thick, rough 
boundary films [85]. This led to the development of friction modifiers such as molybdenum dialkyldithiocarbamate 
(MoDTC), which functions alongside the ZDDP antiwear film during rubbing to form very thin layers of 
molybdenum disulphide, MoS2, that acts to moderate the frictional response.  
 
Dispersants were introduced in engine lubricants to deal with the copious amount of soot particles which enter 
the lubricant during fuel combustion. Their use became more prominent once diesel engines and the 
compression ignition technologies were introduced. In recent studies, Masuko et al [103] have reported these 
additives to possess excellent boundary lubrication properties similar to those seen in the oiliness additives. The 
authors also suggested that succinimide dispersants could be a possible solution to improve antiwear 
performance in the absence of ZDDP.  This may become desirable since the maximum permitted levels of 
phosphorus,  sulphur and metals in engine oils is being progressively reduced seeing that these components can 
be harmful to exhaust after-treatment systems. 
 
 
 
4.1.3 Types and Principles of lubrication  
 
It is fundamental that the principles of lubrication are thoroughly understood and correctly applied when 
developing lubricants so that fuel efficiency, reduction in emissions and longer component durability is achieved 
[104]. There are three main lubrication regimes namely [105] [106] 
 
 Fluid film Lubrication {Hydrodynamic lubrication and Elastohydrodynamic Lubrication} 
 Mixed Lubrication 
 Boundary lubrication 
 
In fluid film lubrication, the solid surfaces are completely separated by a thick film of liquid lubricant such that 
there is no asperity contact between the opposing bodies. Therefore, the applied load is entirely borne by the 
fluid film pressure while frictional resistance to motion is the product of shearing of the viscous fluid. This regime 
encompasses both hydrodynamic and elastohydrodynamic lubrication and both are dependent on the lubricant 
viscosity and entrainment speed as will be discussed later.  
 
Conformal contacts, such as lubricated plain bearings, generally operate in the hydrodynamic lubrication 
regime where the surfaces are separated by a lubricant film dragged into the contact by the motion of the 
moving surface.  The two surfaces form a slightly converging gap so the fluid becomes pressurised in the contact 
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and can hold the surface apart against an external load. The film pressure generated is not significant enough to 
cause any local elastic deformation of the contact or raise the viscosity of the lubricant. In a well designed 
hydrodynamic contact, the minimum film thickness is usually greater than one micron and depends on the 
operating conditions according to the following equation given by Cameron [107] 
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Ukh         (4.1) 
h - Film thickness 
U - Entrainment speed (U= (u1+u2)/2), where u1 and u2 are the speeds of the surfaces 
 - Dynamic viscosity of the lubricant 
W - Load 
k - constant dependent on contact geometry 
 
Elastohydrodynamic lubrication (EHL) is found in most counterformal, rolling/sliding contacts such as rolling 
element bearing, gears and  cam and follower contacts [104]. In such contacts, the load is dispersed over a very 
small contact area resulting in highly localised pressures typically between 1- 3 GPa. The high pressures in non-
conformal contacts result in an increase of lubricant viscosity and elastically-flatten the contact surface. 
Therefore, contacts which were once believed to operate under negligible oil film conditions actually form a 
significant lubricant film thickness, normally greater than 0.1 microns. The pressure in these conditions is very 
much determined by the elastic moduli of the contacting bodies and elastic deformation of asperity contact. The 
film thickness depends on operating conditions according to the Hamrock and Dowson equation as given [105]  
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Ukh        (4.2) 
h - Film thickness 
U - Entrainment speed (U= (u1+u2)/2), where u1 and u2 are the speeds of the surfaces 
 - Dynamic viscosity of the lubricant 
 - Lubricant viscosity-pressure coefficient 
W - Load 
k - constant dependent on contact geometry (inlet radius, size and ellipticity of contact) 
 
 
When the hydrodynamic or elastohydrodynamic lubricant film present in a lubricated contact is too thin to fully 
separate the rubbing (and rough) solid surfaces, some of the asperities start to contact. This means that the 
applied load is carried partly by the fluid film pressure and partly by pressure at the asperity conjunctions. This is 
known as mixed lubrication.  
 
At some point, the predicted fluid film thickness falls a long way below the average surface roughness. 
Consequently, the fluid film becomes so thin that practically the entire load is borne at asperity conjunctions 
which begin to undergo plastic deformation. The contact is then said to be operating in the boundary 
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lubrication regime. Although not ideal, most machine elements operate for at least some of the time in mixed 
and boundary lubrication because of high temperatures, excessive loading, vibration or continuous 
stopping/starting. Under such conditions, it has been shown that flash temperatures encountered at the asperity 
tips are high enough to induce chemical reactions between the lubricant and the surface to form chemical films. 
Details of such reports are discussed in Chapter 5. 
 
The transition between these different lubrication regimes is often graphically illustrated through Stribeck curves. 
Stribeck observed that friction in the lubricated journal bearing varied with the parameter (U/W) and thus with 
hydrodynamic film thickness [108]. Fig 4.2 depicts a classic Stribeck curve which presents friction coefficient as a 
function of (U/W). As this parameter decreases, friction increases to characteristic values for boundary 
lubrication.  
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Fig 4.2: Illustration of Stribeck Curve showing how friction coefficient varies with fluid film 
thickness (h) or the operating parameters that control it (U/W) 
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4.2. Boundary lubrication 
4.2.1 Boundary lubrication and Boundary lubricating films 
Boundary lubrication is the most prevalent state for lubricating contacts under high load and low speed 
conditions.  It occurs in high sliding gears such as hypoids and worms, in cams and tappet interfaces during 
reversal of sliding, in piston ring and liner interfaces close to top and bottom dead centre as well as many other 
components. In most cases, it is the critical regime that governs the life of the components [109]. Because of its 
industrial significance, there has been a vast amount of work, both empirical and scientific, in an attempt to fully 
understand this regime. However, it is difficult to define boundary lubrication concisely and with brevity because it 
encompasses different types of films, as will be shown later. 
Spikes [110] defines boundary lubrication as 
“A chemical or physical interaction between the rubbing surfaces and components of a liquid or vapour lubricant 
which results in a localised surface film with physical properties different from both the rubbing surfaces and the 
bulk lubricant and which thereby influences friction, wear or seizure behaviour” 
 
It is widely accepted that boundary lubrication results from adsorption or reaction of the chemical species present 
in the lubricant onto the solid surface to form a protective film. This process occurs when asperity contacts from 
two surfaces come into physical contact and results in a mechanical dissipation of friction which produces heat. 
This spontaneous increase of temperature at the asperity contact is known as the flash-temperature. It has also 
been suggested that asperity deformation can lead to the emission of highly active particles such as electrons 
and ions.  Chemical reactions follow these processes and possible reactions include oxidation at the surface, 
lubricant oxidation and degradation, surface catalysis, polymerization and the formation of organometallic 
compounds [110]. These reactions give rise to low shear strength films that form on the reactive solid surfaces 
which minimise or inhibit direct contact of the rubbing surfaces thus limiting adhesive wear [111]. However, 
knowledge is still lacking to fully comprehend the chemistry behind the formation of these protective low shear 
strength films. Limitations in knowledge arise from:  
 
 Difficulty in measuring and studying films that are dimensionally thin (typical film thickness values are 
between 1 – 100 nm). 
 Difficulty in effectively controlling factors that strongly control boundary lubrication. Such factors may 
include impurity concentration within contact, oxygen availability, humidity etc. 
 Boundary lubrication films develop due to complex and simultaneous chemical and physical interactions 
which make it difficult to distinguish the origin and nature of the lubricating films. 
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The morphology of boundary films can be patchy, continuous or discrete [112][113]. In some cases, the 
thickness of the film can be monitored by interference colour differences since different thicknesses will reflect 
and refract light at different wavelengths [114].   
 
                                                                          
4.2.2 Types of Boundary lubricating films  
Fig 4.3 presents the various types of boundary films [115]. They are products of both physical and chemical 
interaction and therefore vary in terms of chemical and physical properties of film thickness and aggregate 
orientation. 
 
 
Fig 4.3: Types of boundary film [115] 
 
Boundary films are now recognised to fall into two broad categories, solid-like boundary films and viscous 
fluid like boundary films. The fundamental difference between these two cases is best described by 
considering the model Stribeck curve below. In Fig 4.4, the effect of the solid-like film modifies the Stribeck curve 
by reducing the friction coefficient at very low speeds. On the other hand, the viscous-like film shifts the Stribeck 
  58 CHAPTER 4        Lubrication and Lubricating Additives 
curve to the left. This infers that the mixed/boundary regime is achieved at significantly lower speeds compared 
to the classical low viscosity lubricant behaviour. 
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Fig 4.4: Friction behaviour for (a) solid-like boundary film and (b) high-viscosity boundary film 
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4.3 Boundary Lubrication Additives 
Lubricant additives are chemicals dissolved into the lubricating oil to enhance its chemical and physical 
properties. Today, demand has grown for the development and design of additives that can provide an improved 
combination of lubricant properties in addition to achieving their initial objectives. These requirements have been 
driven by environmental concerns over the years as well as an industrial need for better fuel efficiency.  Additives 
account for up to 10 % of the total lubricant volume in many cases, including most engine lubricants [37]. 
 
There are a number of commercially-available lubricant additives used to impart different characteristics to the 
lubricating fluid. Below, the types of additives are listed alongside descriptions of their applications in lubricating 
fuels. 
 
a) Antioxidants:  When natural and synthetic oils with hydrocarbon groups are oxidised, they produce acids, 
sludge or varnish. The rate of oxidation is accelerated by the following:  
 
i. An oxygen rich environment; 
ii. High temperatures; 
iii. Light or other forms of radiation that produce free radicals; and 
iv. Metal ion catalysts that also produces free radicals 
 
Antioxidants work mainly by extending the induction period, that is, the time taken for hydrocarbons to oxidise 
rapidly which can be monitored by colour change, oxygen uptake, surface tension (which falls) and rise in acidity 
of the lubricant. 
 
There are three types of oxidation inhibitors: 
 
i. Metal deactivators: these act to deactivate the metal ion catalysts and limit the formation of free 
radicals. The initiation step, by which oxidation usually occurs, is thereby impeded. 
ii. Radical inhibitors: These act to remove free radicals as they form in the lubricant since they encourage 
further oxidation.  
iii. Peroxide decomposers: These antioxidants act to destroy peroxides which are also a key in increasing 
the rate of oxidation. 
 
b) Corrosion inhibitors: these additives act by forming an impermeable reaction film on metal surfaces which 
are susceptible to chemical attack. These additives tend to be aromatic heterocyclic compounds with many 
nitrogen atoms; such as benzotriazole. 
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c) Friction modifiers: Friction modifiers tend to be long chain surfactants or soluble organomolybdenum 
compounds that aim to reduce friction which can lead to wear in systems that operate in boundary 
lubrication. Both forms of friction modifiers have their limitations as follows. 
 Long chain surfactants are limited in their use because they lose their effectiveness at high 
temperatures while  
 Some soluble compounds do not last in prolonged engine use e.g. molybdenum 
dialkyldithiocarbamate 
 
d) Antiwear additives: these additives aim to reduce wear in boundary film conditions where asperity contact 
and temperatures are high. These additives are useful in engine parts such as cams, gears and pistons that 
have parts constantly operating in mixed or boundary lubrication while in operation. The most effective 
additives are based on oil-soluble organo-phosphorus compounds, of which the most important is zinc 
dialkyldithiophosphate (ZDDP). Fig 4.5 below shows the structure of a ZDDP molecule.  Its behaviour is 
thoroughly discussed later in Chapter 5.   
 
 
Fig 4.5: ZDDP molecule [96] 
 
e) Extreme pressure additives: these additives are designed to react with very hot rubbing metal surfaces to 
form metal salts and thus prevent gross seizure by adhesion. The film formed is softer, has lower shear 
strength and less adhesion than the metal oxide film. Most EP additives are sulphur-containing organic 
compounds such as sulphurised terpenes and dibenzyl disulphide. Since ZDDP contains sulphur atoms it 
can behave as an EP additive. 
 
f) Detergents: detergents are surfactants used to prevent the build up of varnish on hot rubbing engine parts 
by dissolving deposited organic films from the surface. Often they are used in “overbased form”.  In this the  
surfactant is used to stabilise tiny micelles of CaCO3 or MgCO3.  The latter are useful neutralising agents for 
acids formed during combustion which would otherwise make the lubricant acidic and promote oxidation and 
corrosion. Calcium alkyl sulphonate is a widely used detergent 
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g) Dispersants: these are used to prevent the coagulation of engine-soot particulates that form during the 
incomplete combustion of hydrocarbon fuels which can otherwise lead to excessive oil thickening. They are 
designed to adsorb on soot particles where, since they have a long chain hydrocarbon part in their molecule, 
they sterically stabilise the particles against agglomeration.  A typical dispersant is polyisobutenyl 
succinimide anhydride polyamine (PIBSA-PAM) which is discussed in Chapter 8. 
 
h) Viscosity modifiers: also known as viscosity index improvers are added to the lubricants to improve the 
viscosity index of the blend. This means that the lubricant is better equipped to cope at different engine 
operating conditions. They tend to be long chain linear polymers such as polymethacrylates, polyisoprenes, 
polystyrenes and styrene butadiene copolymers.  
 
 
 
4.3.1 Lambda Ratio,  
The lambda ratio or lambda value is the ratio of the minimum lubricant film thickness to the composite surface 
roughness. This is an important parameter that provides a simple measure to describe the severity of mixed 
lubrication. Lambda ratio is given by the following equation 
qcR
h0          (4.3)  
where     22
2
1 qqqc RRR   
 = lambda ratio 
ho = minimum lubricant film thickness 
Rqc = Composite surface roughness 
Rq1 =  RMS roughness of first surface 
Rq2 =  RMS roughness of second surface  
 
When  > 4, [117], the system operates in the full film hydrodynamic or EHL regime. This is often characterised 
by a low friction coefficient since there is negligible asperity contact between the surfaces. Once  < 1, the 
system shifts to the mixed regime as asperity contact begins to become significant. At  < 0.01, friction 
coefficient and wear begin to peak as the system operates under boundary lubrication. Fig 4.6 illustrates how 
measured friction coefficient varies with the lambda ratio in a rolling/sliding ball-on-flat contact.  
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Fig 4.6: Illustration of how friction coefficient varies with Lambda-ratio in a rolling-sliding contact 
(Modified from [164]) 
 
The influence of lambda ratio in sooted-wear is investigated in this current study to understand the impact of soot 
on wear at different lubrication regimes. 
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5.   Zinc Dialkyl-   
dithiophosphate(ZDDP) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Zinc dialkyldithiophosphate (ZDDP) is the most widely used antiwear additive in lubricating 
oils. It is multifunctional and plays a role as an antiwear, extreme-pressure, antioxidant and 
corrosion inhibiting additive. A lot of work has been carried out into understanding ZDDP and 
its interactions with other lubricant additives. This chapter reviews our current understanding 
of the properties of ZDDP, with a particular focus on its ability to form antiwear films.  The 
interaction of ZDDP with other additives and soot is also briefly described. 
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5.1 ZDDP - An introduction 
 
Zinc dialkyldithiophosphate (ZDDP) is by far the most important and popular choice of antiwear 
additives on the market. It is also an effective antioxidant and extreme pressure (EP) additive. However, 
its use in modern engine lubricants is being increasingly challenged due to its negative impact on the 
exhaust after-treatment system which is used to remove harmful pollutants from engine exhaust gas in 
modern vehicles. Phosphorus, a major constituent of ZDDP, has been found to irreversibly poison and 
damage the three way catalyst elements widely used in gasoline exhaust systems, thereby shortening 
their operating life.  Sulphur poisons both of the main types of catalyst used in diesel engines while 
sulphated ash formed from the zinc irreversibly blocks diesel particulate filters. 
 
Consequently, the maximum phosphorus, sulphur and metal levels allowed in lubricating oils have been 
progressively reduced in recent years to meet strict environmental regulatory requirements. Such 
restrictions are continuously being reviewed; for example, the recent ILSAC GF-4 requirements for 
engine oils have reduced phosphorus levels further to 0.08 %wt. This reduction is expected to be 
superseded in the next ILSAC GF-5 specification, scheduled for introduction from as early as 2010. 
Table 5.1 summarises the historical limitations of phosphorus in lubricating oils [118]. This restraint has 
fuelled research to determine the minimum phosphorus concentration which can still impart sufficient 
anti-wear properties to the lubricant. Most importantly, other possible anti-wear additives that can 
replace ZDDP are also being reviewed. 
                                                                   
                                                                                                                                                                                         
Table 5.1: Phosphorus limits- engine oil spec [118] 
Year Governing body Phosphorus limits 
(% wt.) 
1989 SG No Limits 
1994 ILSAC-GF1  0.12 % 
1997 ILSAC-GF2  0.10 % 
2000 ILSAC-GF3  0.10 % 
2004 ILSAC-GF4 0.06 %  P  0.08 % 
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5.1.1 ZDDP and its uses in Lubricating oils 
 
ZDDP is arguably one of the most successful and multifaceted additives, initially recognised for its anti-
oxidant and corrosion-inhibiting character. ZDDPs act as effective antioxidants in two different ways 
[119] 
 
i. Peroxide Inhibitors: ZDDP was shown to decompose hydro-peroxides to prevent them from 
corrosively wearing the metal surface [120] [121] 
ii. Scavenging of peroxy radical: ZDDP was found to also react with peroxy radicals [122-124]. 
This combined action makes them very effective at quenching the peroxide propagation cycle 
which is the heart of the hydrocarbon-chain oxidation reaction.  
 
A study showed that when ZDDP reacts with hydroperoxide and peroxy radicals, the reaction products 
generated themselves act as oxidation inhibitors [125]. It was later observed that ZDDP containing oils 
used in cam and follower engine parts gave less wear which led to its rapid adoption in automotive 
industry [118].  
 
Its antiwear action stems from the additives ability to generate stable phosphate-rich reaction films 
on the working surfaces that act as mechanically protective barriers [126]. The formation of these 
films can be activated through pressure-induced cross-linking and/or thermal effects which will be 
discussed later in this chapter. Martin and co-workers proposed a mechanism by which ZDDP films 
minimise wear by digesting iron-oxide particles, capable of enhancing 3-body abrasive wear [127-128].  
 
The two main types of ZDDP films are tribofilms, which readily form on the rubbing tracks of steel 
surfaces and thermal films, which are generated at high temperatures in the absence of rubbing (i.e. 
non-pressure induced). Both films prevent direct metal-metal/metal oxide contact thus preventing 
adhesive wear and reducing stresses otherwise experienced on the asperity contacts. Several studies 
have shown that the ZDDP antiwear films are quite resilient to wear once they form [129-130].  
 
The use of ZDDP as an antiwear additive has changed only a little over the last fifty years. During this 
time, the structure of ZDDP has been refined in order to optimise its use in various engine applications. 
For instance, gasoline engines tend to use secondary alkyl ZDDPs while primary ZDDPs are frequently 
used in diesel engines for their increased thermal stability [118].  
 
Apart from being successful antiwear and antioxidant agents, ZDDP is also an extreme pressure (EP) 
additive used to prevent scuffing of the engine parts, in particular sliding cam-followers. Coy and Jones 
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[131] conducted a study on the decomposition products of ZDDP using a four-ball wear test apparatus 
at 180 C. Results showed that EP activity was still high even when ZDDP had decomposed to very low 
concentrations. Willermet and co-workers [132]-[135] carried out a similar study to determine ZDDP 
degradation products and the antiwear properties of such products. Interestingly, disulphide, a well 
known EP additive, was found to be a major degradation product of ZDDP. It is generally inferred that 
ZDDP imparts antiwear character by forming solid phosphate films while its EP response comes from its 
ability to form iron sulphide on the rubbing surface [136]. 
 
Not much is known on the dynamics of how (and to what extent) the anti-wear film is formed, removed 
and replenished [137]. To understand the reaction mechanisms that form stable films, it is paramount to 
also take into account the kinetics of these processes. However, the mechanism of ZDDP film formation 
can be very difficult to isolate because it is dependent on factors such as temperature, pressure, 
ZDDP chemical structure and additive-additive interactions which can vary with experimental 
conditions. The dominant view is that ZDDP antiwear response is due to its reaction products rather 
than to the entire ZDDP molecule alone [138-139]. 
 
 
 
5.1.2 Structure of the ZDDP Molecule 
 
A simple representation of the structural formula of ZDDP is illustrated in Fig. 5.1. The two main types 
of ZDDP structure are neutral and basic ZDDP salts (illustrated in Fig 5.2). Commercial ZDDPs are 
usually a combination of both ZDDP salt types. 
 
 
            
 
 
 
 
Fig 5.1: Structure of ZDDP 
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(a) Synthesis of neutral ZDDP salts  
 
 
(b) Synthesis of basic ZDDP salts 
 
Fig 5.2: Formation path for neutral and basic ZDDP [141] 
 
Neutral ZDDP salt have the formula Zn2 [S4 P2 (OR)4]4 while basic ZDDP salt have the formula Zn4 [S2 
P (OR)2]6 O in their solid states. Yamaguchi et al demonstrated that basic ZDDP can convert to the 
neutral form and ZnO at raised temperatures [140]. The reaction scheme detailing the formation path of 
both salt types is shown in Fig 5.2 (a) & (b). They have been reported to show almost identical wear 
and friction performance. Varlot’s study on antiwear films formed using both ZDDP salt types found both 
to form similar tribofilms except that the basic salt formed shorter polyphosphate chains [138]. 
 
It is possible to vary ZDDP structure between a primary, secondary or aryl type by simply altering the 
attached hydrocarbon groups.  In primary alkyl ZDDPs there are two H atoms attached to the alpha 
carbon atom while in secondary ZDDPs there is only one hydrogen (Fig. 5.3). 
 
 
 
 
 68 CHAPTER 5      Zinc dialkydithiophosphate (ZDDP) 
           
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           I 
CH3 
 (a) Primary ZDDP alkyl chain  (b) Secondary ZDDP alkyl chain 
Fig 5.3: ZDDP alkyl chain types  
 
 
Yamaguchi et al [141] used thermo-gravimetric analysis on three alkyl ZDDP types to determine the 
relationship between molecular structure and thermal stability (Table 5.2). Results showed that 
secondary butyl species were least thermally stable; due to higher numbers of -hydrocarbon atoms 
present in its molecular structure. These findings were consistent with work published by Jones and Coy 
on the chemistry of ZDDP thermal degradation [131]. 
 
 
Table 5.2: TGA analysis of alkyl ZDDP [141] 
Alkyl type Number of -Hydrocarbon 
atoms 
Thermal degradation 
Temperature  (°C) 
Iso-butyl 1 223 
n-butyl 2 216 
Secondary butyl 3 183 
 
 
 
5.2 ZDDP decomposition routes 
 
ZDDP behaviour in solution can result in four main reactions namely [118]; 
 
i.) Ligand exchange 
ii.) Oxidation- Reaction with peroxide and peroxy radicals 
iii.) Thermal decomposition 
iv.) Adsorption at metal surfaces 
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Some study has shown that the dithiophosphate ligands in the ZDDP may be relatively unstable in 
solution; therefore the zinc cation is readily displaced by other metal ions such as iron (Fe) and copper 
(Cu) to form less thermally stable metal-dialkyldithiophosphate compounds (MDDP) [142]. This 
phenomenon has received much attention and recent studies on ZDDP and molybdenum 
dithiocarbamate (a friction modifier) blends appear to form an equilibrium mixture of Mo and Zn 
dithiocarbamate and dithiophosphate in solution. This suggests that film formation may occur by Zn 
being displaced by Fe from the substrate [143] [144]. 
 
ZDDP has the ability to decompose both hydroperoxides [145] and peroxy-radicals [122 - 124] very 
effectively in solution. Upon reaction with these oxidative species, ZDDP breaks down into reaction 
products which are also effective anti-oxidants [125] but are not effective antiwear agents [134]. A 
systematic study conducted by Masuko et al [146] showed that ZDDP lost its antiwear abilities beyond 
a critical peroxide: ZDDP concentration ratio. The main reaction products formed in such a case were 
mono- and disulphides, ZnSO4 or ZnO which are not as effective as zinc polyphosphate at forming 
antiwear films.  
 
ZDDP can react in solution at high temperatures by a different route in the absence of significant 
hydroperoxide and peroxy-radical concentrations through thermal or thermo-degradation. This process 
usually occurs between 130 ºC and 230 ºC. It leads to a formation of zinc polyphosphate solid deposit, 
alkyl sulphides, mercaptans, hydrogen sulphide and olefins [147]. The temperature for ZDDP to 
thermally decompose is dependent on the alkyl groups and metal cations present as identified by 
Yamaguchi et al [141]. Zinc polyphosphate is an important film-forming precursor and is often 
described as a glassy material or amorphous polymer. However, it is unclear by which formation 
pathway zinc polyphosphate intermediaries actually come about since the chemistry of ZDDP 
decomposition can be very complex.  
 
Martin [148] speculated from his work that thermo-oxidation (by the oxygen molecules and peroxide 
radicals present) of ZDDP was the primary decomposition route when the lubricant temperature was 
raised above 100 °C in solution. This is because zinc polyphosphates have also been detected in 
“thermal films”- reaction films generated without friction. 
 
Rounds [149] proposed that the temperature rise within the sliding contact was sufficient to induce 
ZDDP thermal degradation. His work was later challenged by Georges who studied lower sliding speed 
contact and did not observe significant contact temperature differences [150]. It was later concluded by 
Fujita et al that thermal action alone was not responsible for the ZDDP tribofilm formation. They 
suggested that the existence of some form of surface catalysis must be invoked while rubbing to explain 
the observed film formation behaviour [151]. 
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The mechanism by which ZDDP films form on the surface from solution remains ambiguous. The main 
question is whether ZDDP itself initially adsorbs then decomposes on the surface or whether its thermo-
oxidative decomposition products are adsorbed from solution to form the protective film [152]. Yin et al 
[139] proposed a mechanism for ZDDP film formation. Their work conjectured that the colloidal zinc 
phosphate was first generated in the lubricant phase which adsorbs onto the metal surface to generate 
a film. 
 
 
 
5.3 A historical review of ZDDP anti-wear film composition and 
structure 
 
Several techniques have been developed and used to study the chemistry and structure of ZDDP 
antiwear films. This began early in the 1950s, when the promising antiwear characteristics of ZDDP 
were discovered. Because analytical tools were limited during this era, research on ZDDP was mainly 
restricted to friction and wear measurements. The films formed on rubbed surfaces were also studied 
using the ³²P radiotracing technique which showed the films contained about 10 g/cm³ of phosphorus 
(~120 nm assuming zinc density of 0.8 g/cm³) and a P: S ratio of (8:1). This was considerably greater 
than the additive P:S ratio alone (2:1).  
 
A similar film was observed on the un-rubbed surface when the lubricant temperature was raised to 150 
ºC. Bennett used an optical interference microscope to study the morphology of the reaction films 
formed and concluded that ZDDP decomposition products react with the surface to form rough 
protective films [153 -156] 
 
By the 1960s, chromatography techniques coupled with Infra-red (IR) instruments were readily available 
analytical tools to study ZDDP thermal decomposition products.  The latter were agreed to consist of 
mercaptides, alkyl sulphides, H2S and olefins. However, the morphology of the antiwear film formed 
from the intermediates was still unclear. Rounds used the new technique of X-ray fluorescence (XRF) to 
study the elemental analysis of the ZDDP reaction films. He discovered that they consisted of layers 
“several hundred monolayers thick” with higher P: S ratio than the original additive [118].  
 
Improved analytical technology thrived in the 1970s as new vacuum-based surface analysis techniques 
such as X-ray photo-electron spectroscopy (XPS), Auger electron spectroscopy (AES), secondary-ion-
mass spectroscopy (SIMS) and EDAX were introduced. These techniques were useful in studying 
chemical composition of ZDDP films [157-159]. Results were consistent with previous radiotracing 
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findings which reported higher P: S ratio in the antiwear films. For the first time, a film composition 
profile was obtained and showed that the ZDDP films formed patchy structures on the steel surface. 
The film appeared to consist of a sulphur rich lower most layer, covered with patches of a 
phosphorus/zinc rich layer (less sulphur) [157]-[159], with an estimated overall thickness of 50 – 100 
nm. In the late 1970s the electrical contact resistance (ECR) technique was applied and proved a 
promising technique to study ZDDP film formation kinetics. 
 
In the succeeding decade, much work was aimed at obtaining a more accurate analysis of the ZDDP 
reaction film. Because surface analytical tools such as the EDAX, XPS, AES and SIMS were 
continuously being modified, instruments became more sensitive, producing better detailed and 
informative data on ZDDP chemistry. Mathieu et al [160] used a combination of XPS, AES and SIMS to 
investigate ZDDP reaction films generated on steel surfaces and their study confirmed the presence of 
phosphates. Palacios studied ZDDP film thickness under different operating variables such as load, 
rubbing time, anti-wear type and concentration. He found that the films grew to a maximum thickness of 
140 nm while only a thickness of 50 nm was adequate to provide antiwear protection [161-162]. 
 
By the 1990s, a distinct picture of ZDDP antiwear films structure and composition was gradually 
beginning to unfold. The general consensus was that stable tribofilms form on rubbing contacts at both 
low and high temperatures. The films formed are thick, patchy, (~140 nm) and rich in phosphates. 
Atomic force microscopy (AFM) and lateral force microscopy (LFM) were applied to determine both 
morphological and physical properties of ZDDP tribofilms [163]-[164]. Both methods confirmed that the 
ZDDP film was a microscopically rough film comprising of smooth-flat pads which were hard and elastic 
(tens of m²) separated by mottled troughs (a few m²). A soft phosphate-rich micron-layer also 
appeared to form on top of the ZDDP film, with a viscous liquid consistency [165].  
 
X-ray adsorption near edge spectroscopy (XANES) became an important surface analytical tool during 
this period because it gave advanced discriminatory analysis between chemically-similar species (P and 
S atoms). Yin et al used XANES to confirm that the tribofilms had a layered structure that comprised of 
a thin surface film rich in long chain polyphosphates and a bulk that comprised of iron oxide inter-grown 
into shorter chain poly- or orthophosphate glass material [139] [166]. It was proposed that the inter-
grown bulk layer may have resulted during a reaction between the phosphate film that forms (through 
thermo-oxidation decomposition of ZDDP) and the iron oxide native layer.  
 
Bell et al [167] used depth profiling techniques to show increasing concentrations of phosphorus-
derived ions and iron towards the substrate level while more phosphorus was found closer to the films 
surface. They found that the outer layer was easily removed by solvent washing and was made up of 
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mostly hydrocarbon. The film was made up of phosphorus-oxygen material, with an average 
composition of P2O5. FeS was found at the film base. 
 
Bec [168] reported that the hardness of the tribofilms was dependent on film thickness; the long-chain 
polyphosphates (top layer) being softer than the short- chain phosphates (bulk). Smith and Bell 
extended the study of structural models of ZDDP films using systematic multi-techniques of SEM, IR 
spectroscopy, SIMS and XPS. They concluded that the antiwear phosphate film was bonded to the 
ferrous substrate by interfacial sulphides which essentially made up the antiwear film [169]. 
 
 
 
Fig 5.4:  Schematic of ZDDP antiwear film structure [165] 
 
Canning and co-workers [170] used a more advanced version of XANES capable of measuring both 
secondary electron micro-images and high resolution X-ray absorption spectra to study the chemistry 
and morphology of ZDDP anti-wear films. They looked at three anti-wear types; neutral alkyl, aryl ZDDP 
and a commercial ZDDP. They showed that the micro-chemistry of films from neutral alkyl and aryl 
ZDDPs were quite different, with long chain polyphosphates growing on the larger film pads while 
shorter chain polyphosphates formed on smaller ZDDP film pads. The alkyl ZDDP also decomposed 
more rapidly than the aryl version, to form protective pads of around 1 – 10 m in diameter. The aryl 
ZDDP in comparison initially generated wear due to its slow decomposition rate and did not form a 
 73 CHAPTER 5      Zinc dialkydithiophosphate (ZDDP) 
uniform protective film as anticipated. This technique gave evidence that phosphates developed on the 
asperity contacts, the region exposed to the highest loads during sliding. 
 
In the most recent decade, more work using XANES combined with particle induced X-Ray emission 
(PIXE) technique has endorsed the above findings on the ZDDP tribofilm thickness. Fuller et al  
showed that antiwear films were structurally resilient with an average film thickness of ~500 Å [152]. 
Fujita and Spikes [151] later introduced the use of in situ spacer-layer interferometry (SLIM) technique 
to visually observe ZDDP film formation as a function of rubbing time. The film was measured 
intermittently using optical interference techniques without disruption or contamination of the reaction 
film.  They found that a maximum film thickness of ~900 Å was achieved after 1 hr of rubbing, which 
was in very good agreement with findings from work published by Zhang et al who reported film 
thickness’ of ~ 750 Å [171]. It is important to note that the optical method measures the entire film 
thickness (non-discriminative of elemental species) while Zhang’s work used XANES, which 
categorically measures the phosphate layer only.  
 
Hershberger et al [172] recently compared the zinc content between thermal and mechanically formed   
ZDDP films. They found that the latter contained less Zn than those formed chemically because the 
local temperatures and pressures each experienced varied. Ito and his colleagues proposed that Zn 
content in the tribofilm was driven by a preferential adsorption process [173]. Y-R Li [174] and his team 
produced a good summary of all the discoveries relating to the ZDDP tribofilm structure to date. They 
acknowledged that ZDDP film thickness and chemical nature was strongly dependent on the conditions 
of formation such as temperature, sliding speed, pressure and so on. Low load and low temperature 
were recognised as unfavourable formation conditions that often generated thinner antiwear films. 
 
 
 
5.4 Physical nature of ZDDP films 
 
There are two types of ZDDP reaction films that are generated via two mechanisms 
 
(i) Thermal films 
(ii) Tribofilms 
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Table 5.3 : Comparison between tribofilms and thermal films 
 Indentation modulus, E* 
(GPa ) 
Hardness 
(GPa) 
Max Film-
thickness (nm) 
Tribo-films 90 
[118] 
3.5 
[118] 
50-150 nm  
[175] 
Thermal films 35  
[176] 
1.5  
[176] 
200  
[152] 
 
ZDDP thermal films 
Thermal films preferentially form on metal surfaces (i.e., steel, copper, gold etc) immersed in ZDDP 
solution at operating temperatures of 100 ºC and above. It was proposed that thermal films form through 
a specific chemical reaction by adsorbed species at the metal surfaces. The rate of film formation 
increases with temperature and films have been reported to be quite thick (up to 200 nm) on steel 
surfaces [152]. They consist mainly of a thin, outer layer of polyphosphate (~10 nm thick) [129] but 
show little evidence of iron in their film. Study shows that they appear to grow as separate, patchy 
islands which begin to coalesce at raised temperatures to form a smoother uniform structure. Thermal 
films can be quite resistant to wear as Bancroft et al demonstrated in a 12 hours rubbing test using 
pure base oil. 
 
ZDDP Tribofilms 
Tribofilms form at temperatures much lower than most ZDDP decomposition temperatures. This makes 
it easy to distinguish between surface specific thermal reactions and bulk degradation reactions. They 
form only on the rubbing tracks [151] and consist mainly of a glassy polyphosphate layer. These films 
can grow to be relatively thick (50 – 150 nm on steel surfaces [175]); however, their rate of formation is 
strongly dependent on the operating temperature (thicker and more stable films formed faster at higher 
temperatures [175]). Fujita and Spikes [151] showed that tribofilms only form when actual sliding contact 
occurs and not on surfaces in rolling contact. Also, when the hydrodynamic film thickness was 
significantly greater than the composite roughness, the protective films failed to form.  
 
The glassy polyphosphate layer initially begins as randomly distributed patches on the steel surface 
which continuously evolve to form a thicker and more uniform structure, but still with a pad-like 
appearance. Thin zinc polyphosphate layer forms above the glassy structure (~10 nm thick), with short 
pyro- or orthophosphate chains present in the bulk solution [139]. ZnS and FeS are also present at the 
base of the film holding the structure together [177]. The structure of ZDDP tribofilms is schematically 
presented in Fig 5.5. 
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Fig 5.5: Schematic diagram of ZDDP pad-like structure and composition 
 
Thermal films and tribofilms are structurally similar but the latter has been proven to be more 
mechanically stronger than the former.  
 
 
 
5.5 Friction properties of ZDDP films 
 
Kennedy and Moore [178] were among the first to recognise that ZDDP blends caused a significant 
increase in friction in the thin film lubrication regime. This generally undesirable effect can have 
considerable economic and fuel economy impact [179]. Tripaldi et al showed that the frictional increase 
was mostly in the mixed lubrication regime [180] and not purely in the boundary lubrication condition. 
The effect of ZDDP on frictional response is best represented by a Stribeck curve where measured 
friction coefficient is given as a function of the entrainment speed. Fig 5.6 is an example for a 
rolling/sliding ball-on-disc steel contact at 100 ºC. Once the film is formed, the main effect of ZDDP is to 
shift the entire Stribeck curve to the right. This means the contact remains in mixed/boundary lubrication 
at higher speeds [118]. 
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Fig 5.6: Friction coefficient behaviour with rubbing time for ZDDP-containing oil  
[modified from 164] 
 
Initially it was believed that this frictional response was due to the rough pad-like structures that formed 
on the surface [181,182]. However, this effect was also evident on smoother reaction films [183-184] 
and therefore could not only be the consequence of the surface film roughness. The reaction film 
somewhat contributes to the restriction of liquid flow through the contact which some workers have 
attempted to explain as the result of lubricant slip against the smooth ZDDP film pads [164].  
                                           
                                                                                                                                                                                         
5.6 Interactions of ZDDP with other lubricant additives 
 
ZDDP is only one component of the overall lubricant additives package used in modern engine oils to 
achieve the desired performance. It is important to understand additive/base-oil and additive/additive 
interactions because they can lead to synergistic or antagonistic behaviour. Three main mechanisms of 
how ZDDP interacts with other additives to influence film formation rate have been identified and are 
listed below as follows [185] 
 
i.) ZDDP can react with other additives to form a complex whose product can react with the 
rubbing surface 
ii.) No interaction may occur between additives but each additive reacts competitively with the 
surface 
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iii.) Formation of a “paste” through the reaction products of ZDDP combined with precipitates 
of other additives present on the substrate surface during sliding. 
 
Because of the complexities related to studying combination additives, researchers often only study 
binary additive systems. The main classes of additives that have received an extensive amount of 
research on their mutual interactions with ZDDP films are friction modifiers, detergents and dispersants. 
Only the interactions between ZDDP and dispersant blends will be addressed in this current work. 
 
 
ZDDP/Dispersant interactions 
Dispersants, usually succinimide types, have often been observed to interact with ZDDP antiwear films 
under thermo-oxidative conditions [186]. A competitive reaction of the two additives has been observed 
which leads to a slower rate of antiwear film formation on the substrate surface.  ZDDP/dispersant 
solutions have also been reported to form complexes [187-189] and Shiomi et al has suggested 
mechanisms for this [190]. They propose that the nitrogen atoms from the dispersants chelate with zinc 
cations on the ZDDP molecule to form a complex. Ramakumar et al [188] initially proposed an 
interaction between the N-P bond in the dispersant and the ZDDP molecule. Generally, 
monosuccinimides were found to be more chemically interactive than bis-succinimides, which was 
presumed to result from the molecules’ steric effects [191]. Fujita and Spikes [192] investigated the 
effects of the dispersant on stable, preformed ZDDP tribofilms and their results showed that the 
dispersant deteriorated the reaction film over a short space of time. The functions of dispersants and 
their structures will be discussed later in this thesis. 
 
 
 
5.7 ZDDP and Soot 
 
Most studies on the pro-wear effect of soot have examined the behaviour of soot in formulated engine 
oils which contain ZDDP.  The interaction of these two components was assessed using a statistical 
analysis system (SAS) package which showed that at higher phosphorus levels, the pro-wear 
characteristics of soot decreased [6]. The mechanisms proposed to date on the relationship between 
ZDDP and soot were described in Chapter 3.3. Recent developments have examined the interaction 
between ZDDP and CB.  Masuko et al found that the effect of CB contaminants on wear was very 
prominent especially when ZDDP was in a highly degraded state. Their explanation for this 
phenomenon was twofold. Firstly, they proposed that CB disturbed the surface metal-oxide or 
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dispersant boundary film. Alternatively, there may have been an acceleration of corrosive wear by 
sulphudisation reactions because of the appearance of a reactive metal surface caused by abrasion 
with the CB particles [103].  Booth et al [84] carried a study to determine ZDDP interactions with soot 
using factorial analysis. When steric electrical barriers were insufficient to keep the CB particles 
dispersed, agglomeration occurred alongside increased levels of wear with ZDDP present. It was 
inferred from this direct relationship that increased wear was as a result of the ZDDP pro-wear effects. 
The primary ZDDP used led to immature formation of antiwear films which were easily removed by CB 
particles, revealing a highly reactive iron-sulphide layer. The layer was equally readily removed by CB 
particles leaving a nascent iron oxide surface. The cyclic process of iron oxide reacting with the sulphur 
from ZDDP to form iron sulphide, which again is easily abraded, continued to promote wear of the 
rubbing substrate. 
 
  
Fig 5.7: Schematic diagram to illustrate the ZDDP film removal process [84] 
 
Little is still known about the effects of ZDDP on soot related wear which is what this current work aims 
to explore through a series of bench tests, the results of which are presented through Chapter 7 to 
Chapter 9. 
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6.   Experimental  
Techniques 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter describes the experimental techniques used in this research. The main technique 
employed was the mini-traction machine (MTM) used to produce a rolling-sliding contact. Wear 
was then assessed using both a stylus and an optical profilometer. Other experimental 
methods employed include the MTM-SLIM for monitoring the thickness of antiwear film present 
on rubbed surfaces, ultrathin film interferometry to measure elastohyrodynamic film thickness 
and the HFRR machine, used as a secondary wear rig. 
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6.1 Introduction to Experimental Techniques 
 
The topic of soot–induced wear has been of interest for many decades and has received a large amount 
of attention. A wide range of experimental techniques have been employed to try to elucidate the 
mechanism by which soot promotes wear. Some workers have reported engine tests to investigate the 
impact of the fuel combustion process on sooted wear [193]. However, this approach is laborious, time 
consuming and expensive; therefore bench tests have been developed to simulate specific engine parts 
susceptible to wear.  Techniques such as pin-on disc [141] and four ball tribometers [103, 194] are 
widely-used methods for studying sooted-wear by measuring the wear scar diameter. One limitation of 
these techniques in the study of sooted-wear is that, because they operate in pure sliding, it is not 
possible to the entrainment speed and thus the EHL film thickness independently of the sliding speed.  
 
In this research, two main techniques have been employed to study wear by soot. The first is the mini-
traction machine (MTM) which has a ball-on-disc configuration. This technique was favoured because it 
allows the user to control and vary the machine operating conditions to study wear in both a 
unidirectional and reciprocating mode and to decouple entrainment and sliding speed. The MTM can 
also create conditions comparable to the sliding cam/followers used in engines, which are prone to wear 
by soot. 
  
The MTM is easily adapted into an interferometry apparatus (MTM-SLIM) so that visual observation of 
the rubbing contact can be made in situ. This has proved helpful in understanding the mechanisms that 
lead to sooted-wear. 
 
 
 
6.2 Mini-traction machine (MTM) 
 
6.2.1 MTM - Method Description 
 
 In this work, the MTM machine was used with a 19 mm steel ball and a 46 mm diameter steel disc. 
These contact to form a ball-on-disc configuration as illustrated in Fig 6.1. Both specimens are made 
from AISI 52100 steel. The average roughness of the ball and disc are 10 nm and 11 nm respectively.   
 
For most work the measured hardness of ball and disc were 795 and 874 Vickers respectively, as 
summarised in Table 6.1.  In Chapter 9 some work with different hardness discs is described. 
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Table 6.1 Main properties of MTM specimens 
 MTM Ball MTM Disc 
Diameter (mm) 19 46 
Material AISI 52100 steel AISI 52100 steel 
Roughness, Ra (nm) 10 11 
Hardness (HVN) 795 874 
 
 
 
Lubricant 
Film 
  Lubricant                   Force Transducer 
 Load 
Fig 6.1: Schematic image of MTM test set-up 
  
The ball and disc are driven by separate motors, which allow any desired combination of entrainment 
speed and slide-roll ratio (SRR) to be obtained. Entrainment speed is defined as U = (u1 +u2)/2 while 
SRR is defined in the expression in Equation 6.1 below 
 
SRR  =    
speedrollingmean
speedsliding  =  
)(
)(
21
212
uu
uu


 (6.1) 
 
SRR - Slide roll ratio (%) 
u1 -  Speed of the ball surface (m/s) 
u2 - Speed of the disc surface (m/s) 
 
The drive-shaft is tilted to minimise spin in the contact while the friction force is measured by a load cell 
attached to the ball shaft bearing housing. The disc is immersed in the test lubricant, contained within a 
temperature-controlled lubricant bath. The MTM is fully computer-programmable so that an automated 
sequence of test conditions can be established. 
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In general, there are two main methods used to obtain friction measurements with the MTM: 
 
 The slide-roll ratio can be kept constant and friction measured while stepping through a series of 
entrainment (or mean rolling) speeds. This enables the user to study how friction coefficient varies 
with entrainment speed and thus EHL film thickness and the plots produced are typical Stribeck 
friction curves.  
 Another method of obtaining friction readings involves holding the entrainment speed constant and 
measuring friction while stepping through a range of slide-roll ratios. This enables the user to study 
how friction coefficient changes with SRR and the plots produced are referred to as traction curves.  
 
Since the main purpose of the current work was to study wear rather than friction, neither of the above 
approaches was used. Instead, extended tests were carried out at fixed entrainment speed, sliding 
speed combinations and wear was measured at the end of each test. 
 
 
6.2.2 MTM-description of experimental Procedure 
In the current work, the MTM was the preferred wear simulating tool due to its flexibility for studying 
lubricated contacts within a wide range of rolling/sliding conditions and also for its accessibility. It was 
used to measure wear under two different operating configurations: 
 
 Unidirectional-MTM :   both specimens are rotating in same direction but at different speeds 
 Reciprocating- MTM: disc is reciprocating while the ball specimen is continuously rotating 
against the disc 
 
The unidirectional – MTM was used to explore the influence of entrainment speed (and thus EHL film 
thickness) on wear. A series of extended tests were carried out at different entrainment speeds but with 
the same sliding speed (u1-u2). 
  
The entrainment speed could directly be related to the theoretical elastohydrodynamic film thickness as 
given in Equation 4.2 from Chapter 4 or obtained experimentally. From the elastohydrodynamic film 
thickness, the specific film thickness or lambda ratio,  defined in Equation 4.3 (Chapter 4) could be 
determined. 
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To exemplify the approach, Table 6.2 lists typical measurement test conditions used to study the effect 
of film thickness on sooted wear. All tests were at a fixed sliding speed of 0.1 m/s.  This was kept 
constant so each surface experienced the same sliding distance during the test.  The entrainment 
speed was fixed for each test but varied from test to test to achieve different theoretical EHL film 
thicknesses. The aim of these tests was to investigate the influence of the lubricant entrainment speeds 
on wear by soot from thin film conditions (7 nm) up to thick film conditions (<100 nm) i.e. boundary 
through to EHD lubrication systems.  Each wear test was run for 4 hours at a constant load of 30 N 
(maximum Hertz pressure of 1.0 GPa) and a temperature of 100° C. It has been reported that the 
Hertzian contact stress within valve train parts is within 1.7-2.07 GPa for low emission diesel engines 
[224], while engine oil temperatures are around 100°C. Therefore, the test conditions selected are 
representative of engine conditions and they thus produce mild wear with formulated engine oils.  The 
test duration was established after a series of experiments of different length, to ensure measurable 
wear but not so much as to significantly change the contact pressure. 
 
Table 6.2: Example of test conditions used to study the effect of 
EHL film thickness on wear – Unidirectional MTM 
Entrainment speed, U 
(m/s) 
Slide-Roll ratio, SRR 
(%) 
Theoretical film 
thickness, htheo (nm) 
0.05 200 7 
0.10 100 11 
0.25 40 18 
1.2 8.3 49 
 
 
The Reciprocating – MTM was used to provide a general method of comparing the wear properties of 
different lubricant compositions. Its advantage is that, because of the reciprocating motion, the wear on 
the disc is localised over a relatively small region, thus increasing the wear depth when compared to 
unidirectional motion, where wear is distributed round the MTM disc circumference. However, unlike 
pure sliding where one surface is continuously in contact and thus experiences a very high level of local 
wear, in the reciprocating-MTM, both surfaces move with respect to the contact so the wear is not 
enough locally to significantly change the contact geometry and thus the contact. 
 
In this study, the MTM ball rotated at a fixed unidirectional surface speed of 80 mm/s while the MTM 
disc reciprocated at a constant frequency of 10 Hz with a 4 mm stroke length. Each wear test was run 
for 4 hours at a constant load of 37 N (maximum Hertz pressure of 1.13 GPa) and temperature of 100° 
C. Table 6.3 summarises the test conditions used in the reciprocating-MTM work. 
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Table 6.3: Reciprocating-MTM test conditions 
Maximum entrainment speed, U (m/s) 0.05 
Maximum slide-roll ratio, SRR (%) 161 
Load, (N) 37 
Temperature (C) 100 
Test duration (minutes) 240 
 
 
 
6.3 Mini traction machine with Spacer Layer Image Mapping 
(MTM-SLIM) 
 
6.3.1 MTM SLIM – Method description 
 
The MTM can be adapted to measure the film thickness of reaction films formed under sliding/rolling 
conditions using optical interferometry [181].  The principle of this technique is schematically presented 
in Fig 6.2 and was developed by Cann et al [195]. 
 
 
 
Fig 6.2: Schematic diagram of MTM-SLIM machine 
Lubricant                   Force Transducer
Lubricant 
Film
Load
microscope + 
spacer layer coated 
disc 
glass flatsemi-reflective
chromium layer
steel ball
silica spacer layerantiwear film
white light 
source
optical 
interference 
image
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The MTM is used to generate a sliding-rolling contact between the steel ball and disc. For in situ 
measurement of the film thickness, an optical attachment is employed, which consists of a microscope 
and a spacer-layer coated glass window which can be loaded against the ball. The surface of the glass 
flat is coated with a semi-reflective chromium layer with a silica “spacer layer” on top of this. A 
microscope is connected to a camera and a computer monitor is used to capture the resulting 
interference image. At set times, the MTM-SLIM devise is programmed to raise the steel ball upwards 
so that the rubbing contact presses against the coated glass window with a load of 20 N. During this 
process, the lubricant is squeezed out from the contact between ball and window so the remaining solid 
reaction film can be accurately visualised as interference images. Because the glass flat conforms to 
the counterface, the interference images produced represents a map of the reaction film present on the 
contact [196].  
 
Interference images are produced as follows. White light is shone through the glass window and into the 
rubbing contact where it experiences a division of amplitude. Some of the light bounces off the semi-
reflective chromium layer while some passes through the transparent reaction film and reflects off the 
steel ball. Because the two beams of light have travelled different distances (the latter travelling further 
due to the reaction film), optical interference occurs when the two beams recombine, with some 
wavelengths constructively and some destructively interfering, depending on the film thickness. Certain 
wavelengths are fully constructively or destructively interfered depending on the separation, i.e  
 
Destructive interference:  
hfilm = 
 


nCos
N
2
2/1   N =  0, 1, 2, 3,... (6.2) 
 
Constructive interference:  
hfilm = 
 


nCos
N
2
   N =  0, 1, 2, 3,... (6.3) 
 
hfilm = Spatial thickness of oil film 
n = oil refractive index 
 = wavelength 
 = angle of incidence of the beam 
 =  net change upon reflection  
N =  the fringe order 
 
The presence of the spacer layer ensures measurable film thickness even at zero speed. At each start 
of test, the spacer layer film thickness is measured and the value is subtracted from successive film 
thickness readings to get the real film thickness value.  
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A microscope, colour video camera, and microcomputer enable the optical interference image to be 
captured through the loaded glass window from the steel ball wear track. The optical system is attached 
to the MTM via an x-y-z stage so that the glass window can be loaded at different positions of the wear 
track on the ball. The interference is frame-grabbed via a colour camera and a colour interference 
image of the contact is displayed on the computer monitor. The red/green/blue colour of each pixel is 
converted to a film thickness map of the rubbing contact using a film thickness/colour calibration. The 
main advantage of this technique is that the film can be studied within the MTM test rig without having to 
remove the ball specimen after successive rolling/sliding tests.  
 
 
6.3.2 MTM-SLIM – Description of Experimental procedure 
 
In this research, the MTM-SLIM was used to determine the impact of CB particles on rubbing contacts 
and on the protective anti-wear films that form on the rubbing surfaces. Ratoi et al [197] conducted a 
similar study where they used this approach to show that a ZDDP film was often removed when CB was 
present but that a suitable dispersant additive was able to limit this effect. 
  
The tests were conducted using the unidirectional MTM function mode where both the ball and disc are 
moving in similar directions under a fixed load of 31 N and a test temperature of 100C. A steady anti-
wear film was grown on the ball specimen using a mixed ZDDP solution (0.08% wt. P) during a rubbing 
test of two hours at a fixed entrainment speed of 0.05 m/s and slide/roll ratio of 50 %. The rubbing 
conditions are summarised in Table 6.4 
 
Table 6.4: MTM-SLIM test conditions for ZDDP 
tribofilm growth 
Entrainment speed, U (m/s) 0.05 
Slide-Roll ratio, SRR (%) 50 
Load, (N) 31 
Temperature (C) 100 
Test duration (minutes) 120 
 
The test was stopped intermittently to capture interference images of the reaction film on the wear track 
of the ball using MTM-SLIM. Fig 6.3 shows a typical film growth pattern observed with CB-free oil while 
Fig 6.4 shows Stribeck curves obtained to indicate how the friction transitions from boundary lubrication 
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through to mixed and to EHD lubrication with rubbing time. Its entrainment speed and sliding speed 
combinations are varied to achieve SRR=50 % while friction is measured at each speed combination. 
 
Fig 6.3: Typical ZDDP tribofilm growth pattern after 60 mins rubbing observed through the MTM-
SLIM technique (U = 0.05 m/s, SRR = 50%, Load = 31 N) [modified from 175] 
 
At the end of the film growth stage, the test fluid was completely drained from the lubricant bath and 
replaced with a CB and ZDDP containing blend. The same test procedure was then repeated to observe 
how the ZDDP anti wear film behaved over time especially in the presence of particulates. 
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Fig 6.4: Evolution of Stribeck curves to illustrate the behaviour of ZDDP film 60 mins rubbing 
time (SRR = 50 %, Load = 31 N, SRR [modified from 164]) 
 
The MTM-SLIM was also used to explore the effect of lambda ratio on the ZDDP film formed. After the 
ZDDP film growth stage under the conditions listed in Table 6.4, the oil was changed to one containing 
ZDDP and 5% wt. CB and tests were run at various entrainment speeds within the range of 100 mm/s to 
800 mm/s, to explore the impact of theoretical EHL film thickness on ZDDP film removal by CB while the 
sliding speed was maintained at 2.5 mm/s. 
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6.4 High Frequency Reciprocating Rig- HFRR 
 
6.4.1 HFRR- Method description 
 
The high frequency reciprocating Rig (HFRR) is a friction and wear tester used to measure the wear 
properties of fuels, engine oils, greases and other compounds. This technique is very repeatable and 
has formed the basis of the standard method for measuring diesel fuel lubricity since 1996 [198].  
 
In the HFRR, a small steel ball (6 mm diameter) is loaded downwards and reciprocated against a 
stationary steel flat as illustrated in Fig 6.5. The flat is immersed in test lubricant contained in a 
temperature-controlled bath.   
 
 
Fig 6.5: The HFRR machine components and set-up 
 
The ball specimen oscillates backwards and forwards in pure sliding against the steel flat surface driven 
by an electrical vibrator. The frequency and stroke length of the moving ball is set by the user.   A 
constant stroke length irrespective of friction values generated is maintained by a control circuit. Friction 
is monitored using a load cell attached to the lower specimen holder and the wear scar on the ball and 
disc specimen is optically measured at the end of the test to determine wear. 
 
 
 
 
 89 CHAPTER 6        Experimental Techniques 
6.4.2 HFRR - The experimental Procedure 
 
Tests carried out in the HFRR were conducted at a fixed temperature of 100º C and an applied load of 4 
N. Each test lasted for 60 minutes and Table 6.6 and 6.7 below list the specimen properties and the 
main test conditions employed. Discs of various hardnesses were obtained from PCS Instruments to 
explore the impact of hardness on wear.  
 
 
Table 6.5: Main Properties of HFRR specimen 
 Material Material Hardness 
(HVN) 
Surface roughness 
(nm) 
Ball AISI 52100 steel 880 10 – 13 
Disc AISI 52100 steel 190, 440, 590, 810 7 
 
 
Table 6.6: HFRR test conditions 
Relative motion of counterfaces Pure Sliding 
Stroke length 1 mm 
Frequency 50 Hz 
Load 4 N 
Maximum Hertz contact 
Pressure 
 
1.03 GPa 
Test temperature 100° C 
Test duration 60 mins 
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6.5 Ultra-Thin Film Interferometry (EHL) 
 
6.5.1 EHL – Method Description 
 
The ultra-thin interferometric method was employed to assess the elastohydrodynamic and thin film-
forming properties of the lubricants used. The principle of this technique is shown schematically in Fig. 
6.6 
 
 
Intensity-
wavelength curve 
Dispersed Image 
Spectrometer
CCD camera
Interference image
Microscope 
Coated glass disc 
Steel ball
 
 
Fig 6.6 EHL setup: adapted from [199] 
 
A contact is formed by a 19 mm diameter steel ball loaded against the flat surface of a 100 mm 
diameter glass disc. The working surface of the glass disc is coated with a thin semi-reflective chromium 
layer on top of which is a “spacer layer” of transparent silica. The silica layer is typically half a 
wavelength of light thick. The spacer layer behaves like “solid oil”, permitting optical interference to 
occur even when there is no oil film present [199]. 
 
The steel ball is positioned on three antifriction-bearings that support it in a fixed axial position while 
allowing it to rotate freely. The ball is loaded against the coated side of the disc and the disc 
entrainment speed is electronically controlled. The disc drives the ball in nominally pure rolling. The test 
lubricant is placed in a temperature-controlled bath and the ball is partially immersed in the lubricant to 
ensure a fully-flooded contact. 
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White light is shone into the contact, where some is reflected from the chromium layer while some 
passes through the spacer layer and the lubricant film before reflecting of the steel ball. The two beams 
then undergo optical interference upon recombination, since one beam has travelled further than the 
other. 
 
Figure 6.7  [200, 201] shows typical white light interference images obtained while studying a contact at 
increasing entrainment speeds and thus increased film thicknesses. To obtain accurate film thickness 
measurements at any point using this technique, the wavelength of light which has been fully 
constructively or destructively interfered must be known. 
 
Film thickness increase 
Speed increase 
 
Fig 6.7: Ultra thin interferometry spectral image [200, 201] 
 
 
To determine this precisely, the reflected beam is passed through a spectrometer slit and dispersed 
according to its wavelength. This results in a black and white dispersed interference spectral image as 
seen in Fig 6.6. The dispersed interference image shows the edge of the contact as layered-bands 
which are separated by a smooth-continuous region. Within this region is a lighter area which 
corresponds to the constructive interference while the darker area reflects the destructive interference. 
The wavelength of the maximum constructive interference is determined and used to calculate the film 
thickness according to the following equation 
 
 = 2 nspacer hspacer cos   +   2  noil hoil cos   +    =  N,  (6.4) 
N = 1, 2, 3,… 
 
 = Phase difference;  hspacer = Spatial film thickness of spacer layer 
 = Wavelength;   = Angle of incidence of the beam 
noil = Refractive index of oil; N = Number of wavelengths (optical order) 
hoil = Spatial film thickness of oil; 
nspacer = Refractive index of spacer layer; 
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6.5.2 EHL-Experimental procedure 
 
Table 6.8 and 6.9 list the properties of the contacting bodies and the test conditions respectively. All 
tests were carried out at 20 N which corresponds to a Hertzian mean contact pressure of 0.54 GPa and 
a Hertzian contact area of 273 m diameter. 
  
Table 6.7: Main properties of EHL contacting specimens 
 Material Diameter (mm) Surface 
roughness (nm) 
Elastic 
modulus 
 
Disc 
Glass disc- with Cr 
and SiO2 spacer 
layer 
 
100 
 
< 2 nm 
 
75 GPa 
Ball AISI 52100 steel 19 10-13 210 GPa 
 
 
Table 6.8: EHL Test conditions  
Relative motion of counterfaces Nominally Pure Rolling ( Disc drives ball) 
Entrainment speed range 0.02 – 2.0 m/s 
Frequency 0.005 m/s – 2.0 m/s 
Load 20 N 
Maximum Hertz contact Pressure 0.54 GPa 
Test temperature 100 °C 
 
According to elastohydrodynamic theory, the relationship between lubricant film thickness and 
entrainment speed is shown in Equation 6.5 due to Dowson and Hamrock [105]. 
 
h = kU0.67       (6.5) 
 
where 
h = Lubricant film thickness (nm) 
U = Entrainment speed (m/s) 
K = constant 
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Fig 6.9 shows a typical logarithmic plot of film thickness versus entrainment speed for two oils. It can be 
seen that the base oil (sample A) obeys the Hamrock and Dowson equation and shows linear behaviour 
in both the thick and thin film regions (slope has gradient of 0.67) while the dispersant-containing oil 
(sample B) only obeys this theory in the thick film region (high entrainment speed). At lower speeds, the 
slope for the dispersant-containing blend begins to decrease and the film thickness becomes 
significantly greater than the predicted value. This deviation is due to a thin boundary film formed on 
one or both surfaces. 
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Fig 6.9:  Typical logarithmic plot of film thickness versus entrainment speed for two oils; Sample 
A (A group III base oil) and Sample B (Typical group III base oil with 10 % wt. dispersant) 
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6.6 Surface profilometer- Handy surf E-35A 
 
6.6.1 Handy surf E-35A – Equipment and Method Description 
 
As described in Chapter 3, various methods can be used to quantify wear. In this study, the main 
technique was surface profilometry using a handysurf-E35A machine. The handysurf is a low cost, 
compact, portable surface profilometer which can be used to make measurements in a horizontal, 
vertical or tilted orientation. Fig 6.10 is an image of this instrument. 
 
Fig 6.10 Handysurf – 
E35A 
 
 
The machine consists of a displacement pick-unit (that includes the stylus) attached to a driver unit 
which in turn is connected to the measurement display unit. In this current study, the profilometer was 
used to measure the wear track on the flat disc specimen. The specimen was ultrasonically cleaned in 
Analar toluene followed by Analar acetone and then dried prior to surface profile measurement. The flat 
specimen was then clamped in a horizontal position and the stylus tip of the profilometer was carefully 
loaded against the area of interest on the steel disc just outside the wear track. A profile was then taken 
radially across the wear scar. 
 
 
Driver unit
Pickup 
Stylus 
Measurement 
display unit 
 
Fig 6.11: Stylised diagram of Handysurf machine 
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The handysurf tool is connected to a computer and stored measurements can be accessed as a data 
file. The data file was used to calculate the area of material removed to characterise wear i.e. the cross 
sectional area of the wear scar. Fig 6.12 compares a wear track on a severely worn flat surface with the 
original undamaged surface where the cross sectional area of the wear scar is obtained by calculating 
the area underneath the dashed line which represents the original surface prior to rubbing. 
 
Cross-sectional 
Area of wear scar 
Original surface prior 
to rubbing 
(µ
m
) 
(mm)
1.61.20.80.40
3.5
1.5
-1.5 
-3.5
Profile Curve
 
Fig 6.12: Typical wear scar reading obtained from Handysurf tool 
 
Although this machine is flexible enough to measure surfaces in any orientation, it is difficult to achieve 
repeatable surface analysis since the operator must manually load the stylus onto the surface of interest 
for each measurement. This technique was assessed to have repeatability of within ± 25 % which 
suggests that it is a fairly reliable method of measuring the level of wear.   
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6.7 Optical surface profiler – WYKO surface profiler 
 
6.7.1 WYKO surface profiler – Equipment and method description 
 
This is a non-contact optical profiler with the ability to measure surface profiles that have a wide range 
of surface heights. This is carried out using two alternate techniques [202]; 
 
i. Phase shifting interferometry (PSI) mode: This is used to measure smooth surfaces and small 
steps; 
ii. Vertical scanning interferometry (VSI) mode: This allows rough surfaces and steps up by 
several millimetres high to be measured. 
 
The PSI mode is limited to fairly smooth, continuous surfaces; thus, the VSI mode was more suited for 
this research to measure the rough surfaces generated during wear studies. The principle of this 
technique is schematically illustrated in Fig 6.12. 
 
A white light source filtered through a neutral density filter is passed through an interferometer objective 
then onto the test surface, which sits on a motorised x,y,z stage. The interferometer beam-splitter 
reflects half of the incidence beam to a reference surface within the interferometer. The two beams 
reflected from the test surface and the reference surface recombine to form interference fringes. The 
fringes are observed as alternating dark and light bands that appear on the surface when in focus. At 
best-contrast, the surface is said to have reached its optimum focus. The system measures the degree 
of fringe modulation to determine the surface profile. 
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Fig 6.13: Stylised diagram of Veeco imaging System 
 
During analysis, the interferometric objective moves vertically to scan the test surface at different 
heights. This movement is accurately controlled and monitored using a linear variable differential 
transformer (LVDT). The interference fringes only appear over a shallow depth because the optical light 
has a short coherence length. The system begins scanning the test surface just above focus, moves 
towards the peak focus, before finally coming out-of-focus. The camera captures frames of interference 
data at evenly-spaced intervals as the system moves downwards. The interference signal for each point 
on the surface is recorded and translated into a block diagram of the test surface. Therefore, surface 
height measurements are achieved through fringe modulation processes obtained by the light intensity 
signals. 
 
The range of topography measurable using the VSI mode is 2 mm while its vertical resolution for a 
single measurement is 3 nm. Fig 6.14 (a) and (b) are examples of two and three-dimensional 
representations of an irregular surface obtained using this optical technique. The method serves as a 
complimentary tool to the Handysurf for calculating wear. 
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(a) 
(b) 
Fig 6.14: Topography images obtained from Veeco machine (a) 2-D image of the central wear 
scar (b) 3-D image of centre of the wear scar 
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7.   Results; 
 ZDDP & Carbon Black 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
This chapter presents film thickness and wear measurement results from the study of the 
influence of carbon black on wear. It is found that the combination of CB and ZDDP gives 
much higher wear than either component alone in both HFRR and reciprocating wear tests.   
 
When ZDDP is present, CB appears to continue to enhance wear up to higher lambda ratios, 
unlike in the absence of CB, suggesting that secondary CB particles influence wear in this 
system. MTM-SLIM shows that CB rapidly removes pre-formed ZDDP films, as do other 
nano-particles. 
 
A corrosive-abrasive wear mechanism is proposed to explain this phenomenon. 
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The influence of ZDDP on soot-induced wear is investigated in this work using two strategies which 
were developed and selected during the preliminary stages of the research. Firstly, the effect of the 
lambda ratio (and EHL film thickness) on wear is studied to identify which carbon black-size particle 
promotes wear and also to serve as a measure of the optimum operating conditions that best control 
wear by CB. The second phase of the investigation involves a series of wear tests carried out to 
compare the impact of CB on wear in both the presence and absence of ZDDP, to identify how CB 
influences the antiwear properties of ZDDP and thus help define the mechanism of sooted wear.  
 
 
 
7.1 Effect of Lambda Ratio () on Wear with Carbon Black 
 
The ratio of minimum lubricant film thickness (ho) to composite surface roughness in a lubricating 
system is known as the lambda ratio () as described in Chapter 4. It is an important parameter to help 
understand sooted-wear because the lambda value provides a measure of the contact severity used to 
determine wear. Because soot particles are believed to co-exist between their primary and secondary 
states, Needelman proposed that the rate of wear by soot is primarily dependent upon its particle size 
distribution [75]. Particles which are smaller than the operating EHL film thickness can pass through the 
contact without causing any surface damage.  Particles whose diameters are comparable to the 
operating EHL film thickness are expected to become entrained into the contact where they may 
promote 3-body abrasive wear.  Larger particles should be deflected around the contact or congregate 
around the inlet of the contact to promote wear through lubricant starvation.  
 
The current study employs a mini-traction machine (MTM) to study the wear behaviour of lubricants at 
various lambda values with and without CB present.  
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7.1.1 Test Lubricants used 
 
A group III mineral base oil was used to study the effects of CB on ZDDP tribofilm formation. The base 
oil had a kinematic viscosity of 4.2 mm²/s at 100 ºC and 19.53 mm²/s at 40 ºC. More information on the 
base oil can be found in Appendix 1. A commercially-available, mixed primary/secondary zinc 
dialkyldithiophosphate (ZDDP) was used as the main ZDDP additive and consisted of 85% secondary 
ZDDP with mass fractions of 8% wt. phosphorus and 16.4% wt. of sulphur.  A bis-succinimide (bis-
polyisobutyl succinic anhydride polyamine) dispersant was used to keep the particles suspended in the 
base oil.  The base oil and additives were supplied by Infineum, UK as these were the key components 
of interest to them in understanding additive interactions with soot. The various blends studied in this 
chapter are summarised in Table 7.1. 
 
Table 7.1 : Description of Test lubricants 
Sample name Sample description 
BO Group III Base-oil only 
BO + 1 % DISP Group III Base-oil + 1% wt. Succinimide dispersant 
BO + 1% ZDDP (0.08% wt. P) Group III Base-oil + 1% wt.  Mixed ZDDP 
BO + 1% DISP + 1% ZDDP Group III Base-oil + 1% wt. Succinimide dispersant + 1% wt. Mixed 
ZDDP 
BO + 1% DISP + 5% CB Group III Base-oil + 1% wt. Succinimide dispersant + 5% wt. CB 
BO + 1% DISP + 1% ZDDP+ 5% 
CB 
Group III Base-oil + 1% wt. Succinimide dispersant + 1% wt. Mixed 
ZDDP + 5% wt. CB 
 
Due to the inaccessibility of actual diesel soot, a commercial carbon black (CB) was used to mimic the 
effects of soot in lubricated rubbing contacts. The CB used was a Vulcan XC72-R specification supplied 
by Cabot, UK and was recommended by Infineum as being more representative of engine soot than 
most other carbon blacks. The CB primary particle diameter ranged between 40 – 60 nm, which is 
comparable to actual engine soot primary particle sizes as reported by Stanmore [203] and Clague [2]. 
Fig 7.1 compares TEM micrographs of the Vulcan XC72-R CB obtained in this study with those of 
actual diesel soot which help to highlights the CB as a suitable soot surrogate in morphological terms for 
this study. 
 
Prior to blending all CB-containing formulations, the CB to be used was dried in an oven for 24 hours at 
100 ºC to prevent contamination by moisture. To prepare CB dispersions, the CB particles were added 
to the lubricant containing dispersant and where relevant, ZDDP, in a beaker and the mixture was 
stirred on a heated, magnetic stirring plate set at 50 ºC for 10 to 12 hours.  The CB-containing solutions 
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were tested immediately after removal from the stirrer, to avoid the possibility of particles forming 
agglomerates. 
   
(b) 
 
50nm 
(a)
Fig 7.1 (a) Micrograph of diesel soot from [203] (b) TEM image of test sample of Vulcan    XC72R 
carbon black (X 300,000) 
 
 
7.1.2 EHL film thickness study and Results 
 
The first stage of this investigation involved elastohydrodynamic lubrication (EHL) film thickness 
measurements using the ultrathin film interferometry (UTFI), carried out to determine the expected film 
thickness value within the MTM rig.  The UTFI method was described in Chapter 6. Fig 7.2 compares 
the measured EHL film thickness values for the base oil alone and three dispersant/base oil blends with 
different dispersant concentrations. All measurements were made at 100 ºC  0.5 at a fixed load of 20 
N (corresponding to a mean Hertz pressure of 0.54 GPa) over an entrainment speed range, U, of 0.02 
m/s and 2 m/s. 
 
It is evident from the linear relationship between log (central film thickness), h, and log (entrainment 
speed), U, that all the lubricants obey standard EHL film thickness behaviour above U = 0.1 m/s in that 
they obey the Dowson and Hamrock relationship given below in Equation 7.1 
 
 h  (U)n     (7.1) 
 
where  is the dynamic viscosity at atmospheric pressure and n is typically 0.6 to 0.7. 
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Fig 7.2 Measured EHL film thickness values for Group III base-oil with Dispersant 
 
 
 
At entrainment speeds above 0.1 m/s, the film thickness of the 1% wt. dispersant blend is the same as 
that of the base oil (both having gradient 0.61), while the 5% wt. dispersant solution forms a film about 
10% thicker, with gradient 0.54.   At low speeds, the dispersant solutions form a film approximately 1 to 
5 nm thicker than the base oil which suggests some boundary film formation. This boundary film is most 
prominent in the solution containing 10% wt. dispersant. 
 
Overall, there was no significant effect on EHL film thickness from 1% wt. dispersant so all subsequent 
tests in the current work were carried out at 1% wt. dispersant. It was assumed that the dispersant does 
not influence wear by increasing the EHL film thickness under the test conditions. 
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7.2    Minitraction-machine (MTM) wear tests 
 
7.2.1  Unidirectional MTM wear test conditions 
 
As described in Chapter 6, the mini-traction machine (MTM), which has a steel ball on steel disc 
contact, can be adapted to function in the unidirectional, contra-rotating or reciprocating mode.  As the 
name implies, in the unidirectional mode, the surfaces of both the ball and disc specimen move 
continuously in the same direction with respect to the contact, albeit usually at different speeds, while in 
the contra-rotating mode, the specimen surfaces move in opposite directions with respect to the contact. 
The unidirectional technique was favoured in this case because it allows high values of entrainment 
speeds (and thus EHL film thickness) to be reached at low sliding speeds, enabling the study of the 
effect of lambda ratio on wear.   
 
For each wear test, the entrainment speed was fixed at a set value between 0.05 m/s to 4.5 m/s, 
corresponding to the theoretical film thickness range of 7 nm to 110 nm, as given by the EHL film 
thickness measurements from Fig 7.2. The sliding speed was maintained constant at 0.1 m/s for all 
tests, to ensure that all tests involved the same sliding distance. Each rubbing test lasted for 4 hours at 
a fixed temperature and load of 100 ºC and 30 N respectively. 
 
As described in Chapter 6, the Handysurf machine was used to assess the surface topography of the 
flat specimen at the end of each test to determine the cross sectional area of the wear track. The 
surface profile readings were taken at 3 random positions on the wear track on the disc, across the 
wear track (transverse to the direction of rubbing), to obtain an average profile area of wear. 
 
Table 7.2 lists the various MTM test speeds studied while Table 7.3 lists the main Handysurf 
measurement parameters used. The theoretical film thickness (htheo) is the calculated film thickness 
value as predicted by the Dowson &  Hamrock equation obtained from the results in Fig 7.2. 
 
Table 7.2: Unidirectional-MTM wear test conditions 
Entrainment 
speed,U (m/s) 
SRR (%) h theo (nm) 
BO 
h theo (nm) 
BO+ 1% DISP 
(app) 
0.05 200 7 8 0.6 
0.06 182 7 9 0.8 
0.07 150 8 10 1.0 
0.10 100 11 12 1 
0.12 83 12 14 1.3 
0.25 40 18 20 1.8 
 105 CHAPTER 7        Results; ZDDP & CB 
Entrainment 
speed,U (m/s) 
SRR (%) h theo (nm) 
BO 
h theo (nm) 
BO+ 1% DISP 
(app) 
0.40 25 25 26 2.4 
0.80 15 38 39 3.5 
1.20 8.3 48 49 4.4 
1.60 6.3 57 58 5.2 
2.00 5 64 67 6.1 
4.50 2.2 100 110 9.1 
 
Table 7.3: Handysurf profilometer measurement conditions 
 
Analysed length (mm) 1.1 - 1.4 
Cut off length (mm) 0.08 
20 Range (m) 
 
 
7.2.2  Unidirectional MTM wear-test results  
 
Fig 7.3 (a) & (b) summarise how the measured area of the wear track on the MTM disc varied with 
entrainment speed and also shows the corresponding theoretical film thickness. 
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(a) 
without CB
Gp III
Gp III + 1% ZDDP 
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Fig 7.3: The effect of theoretical EHL film thickness and entrainment speed on wear with and 
without CB 
 106 CHAPTER 7        Results; ZDDP & CB 
From the results obtained for the non-CB containing oils, shown in Fig 7.3(a), the base oil alone gave 
very high levels of wear at low entrainment speeds. This wear became negligible at entrainment speeds 
at and above 0.12 m/s (corresponding to a theoretical film thickness of 12 nm). The other non-CB oils 
with 1% dispersant and/or 1% ZDDP gave no significant wear scar on either rubbing surfaces, even at 
low entrainment speeds. This indicates that both the dispersant and the ZDDP have good boundary 
lubricating properties under these relatively mild test conditions. 
 
Fig  7.3 (b) shows the effect of adding 5% CB to two of the oils, the 1% dispersant blend and the 1% 
dispersant + 1% ZDDP blend.  It was not possible to add CB to the base oil alone or dispersant-free 
ZDDP solution since dispersant was needed to hold the CB in stable suspension.  At low entrainment 
speeds, the dispersant-containing blend with CB shows significant wear which then becomes negligible 
above U = 0.1 m/s (equivalent to a film thickness of 20 nm). This wear pattern is similar to the response 
initially observed with the base oil but has a much lower magnitude of wear.  
 
At higher entrainment speeds, the effect of CB becomes less severe, which may result from the 
dispersant and/or CB providing some form of protection to the surfaces against adhesive wear 
otherwise produced when the contact is lubricated by base oil alone. It is however of a much greater 
magnitude when compared to the CB free dispersant blend, which showed no measureable wear at all 
entrainment speeds. This implies that CB may promote wear in low speed, thin film conditions by 
disrupting the dispersant’s protective boundary lubricating film, resulting in abrasive wear.  
 
A very different pattern of behaviour is observed for the ZDDP/CB blend, which shows slightly lower 
wear values in the low speed region than its ZDDP-free counterpart. However wear continues to occur 
even up to high entrainment speeds/film thicknesses and only begins to fall off at an entrainment speed 
of about 4.5 m/s which is equivalent to a theoretical film thickness just over 100 nm.  
 
Because the results indicate that wear occurs up to high theoretical film thicknesses, this suggests that 
larger secondary soot particles, made up of clusters of primary particles, may play a role in promoting 
wear under these test conditions. These particles are large enough to become entrained into the contact 
where they can act as abrasives towards the protective ZDDP film. To gain a clearer insight on the 
particle size that enhances wear, the MTM-SLIM technique was used to obtain visual representations of 
the contact while operating at various entrainment speeds.   
 
In the above test, and also the MTM-SLIM tests described in the next section, it is important to note that  
the actual EHL film may well be somewhat thinner than the theoretical values given, which were 
obtained from EHL film thickness measurements.  Firstly EHL film thickness measurements were made 
in pure rolling whereas MTM tests were conducted at 50 % SRR.  Secondly, it is possible that CB 
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promotes starvation of the contact and thus thinner films.  It is also possible that the presence of a 
ZDDP film reduces the ability of lubricant to entrain into the contact and form an EHL film. 
 
 
7.2.3 MTM-Spacer Layer Interferometer Method - Effect of CB on   ZDDP 
film 
 
The MTM-SLIM was used to study the impact of CB particles on ZDDP films at various entrainment 
speeds and thus different EHL film thicknesses. Of particular interest was to identify the operating 
conditions at which CB impacted on the protective antiwear film. This study explored this impact over an 
entrainment speed range of 100 – 800 mm/s, equivalent to theoretical film thickness values of 12 – 40 
nm. 
 
The tests carried out had two stages.  In the first, a ZDDP tribofilm was grown by rubbing the ball and 
disc in base oil containing 1% wt. dispersant and ZDDP (0.08% P) for 2 hours at a fixed temperature of 
100 ºC, a set load of 31 N and low entrainment speed of 0.1 m/s. In the second stage, the ZDDP-
containing oil was drained from the lubricant bath and replaced by an identical solution but containing 
5% wt. of dispersed CB. Rubbing was then recommenced at a set entrainment and sliding speed, then 
the removal of the film by the CB was observed using the SLIM.  Tests were carried out with different 
entrainment speeds but the same sliding speed in the second stage of the test, so as to achieve 
different lambda ratios, just as in the wear study described in the previous section. The purpose of this 
investigation was to observe the pattern of ZDDP film removal while the theoretical film thickness was 
varied.  
 
The test conditions employed for the MTM-SLIM study in the second test stage are listed in Table 7.4 
 
Table 7.4: Test conditions used to study the effect of entrainment speed on the ZDDP film using 
the MTM-SLIM 
Entrainment speed, U 
(mm/s) 
Sliding speed, Us 
(mm/s) 
Slide-Roll ratio, SRR 
(%) 
Theoretical film 
thickness, ht (nm) 
100 2.5 2.5 12 
200 2.5 1.25 17 
400 2.5 0.625 26 
600 2.5 0.417 30 
800 2.5 0.3125 39 
 
It should be noted that a much lower sliding speed of 2.5 m/s was employed while studying the rate of 
ZDDP film removal compared to that in the unidirectional-MTM wear tests described in the previous 
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section. The aim of this was to reduce the contact severity which otherwise led to such a rapid rate of 
ZDDP film loss that all the results were indistinguishable.  
 
7.2.4    MTM-SLIM Results - Effect of CB on ZDDP film 
 
SLIM was used to study the rate of film-formation on the ball contact surface. In the first stage of the test 
a thick antiwear film of ca 100 nm was observed to form on the ball in the first 30 minutes of rubbing.  
This showed little subsequent change over the remaining 90 minutes of rubbing. The film present at the 
end of this stage is shown as the first image in both Fig 7.4 and Fig 7.5, denoted as “zero”. Subsequent 
images show the behaviour of the film in the second stage of the test, after the ZDDP-oil was replaced 
with the ZDDP/CB blend. In the presence of CB, the ZDDP film is essentially completely removed within 
the first 5 minutes of rubbing to within the measurement limits of ca 5 nm at U = 100 mm/s (ht = 12 
nm). As U was increased between 200 mm/s to 600 mm/s (i.e. ht between 17-30 nm), the rate of ZDDP 
film removal resembled that which was observed at the lowest entrainment speed of 100 mm/s. The 
ZDDP film appeared to only partially survive at U = 800 mm/s i.e. at approximately 40 nm theoretical 
film thickness.  
 
15 min
10 min 5 min2 min1 min
60 min 30 min20 min
zero
Fig 7.4: ZDDP film behaviour at U = 100 mm/s; Us = 2.5 mm/s; and ht = 12 
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Fig 7.5: ZDDP film behaviour at U = 800 m/s; Us = 2.5 mm/s; and ht = 40 nm 
 
 
 
7.2.5 Discussion – ZDDP and CB film thickness study 
 
From the initial EHL film thickness tests, there was very little evidence to suggest that the dispersant 
played a significant role in influencing the EHL film thickness at 1% wt concentration. 
 
The results obtained from the unidirectional-MTM tests clearly convey the relationship between 
operating film thickness and wear, particularly in CB formulations, while the MTM-SLIM study shows 
that carbon black particles remove ZDDP tribofilm even up to high lambda ratios. 
 
During the unidirectional-MTM wear test, the non-CB containing oils, i.e. the dispersant solution, ZDDP 
solution and the combination of the two, did not show any signs of wear at any entrainment speed. It is 
believed that both components prevent wear by forming protective boundary lubricating films on the 
rubbing surface by separating surface asperities. When these additives are not present, i.e. in additive-
free base oil, the contact experiences severe adhesive wear from asperity contact. This effect ceases at 
an entrainment speed at which the EHL film thickness should be comparable to the specimen 
composite roughness value of about 12 nm. In the dispersant/CB oil, wear is significant at low 
entrainment speeds, probably because of disruption of the dispersant’s boundary film by the CB 
particles. However this wear becomes negligible once the entrainment speed is raised. By contrast, with 
the oil containing both ZDDP and CB, measureable wear persists up to high entrainment speeds.  
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What may be occurring here is that the CB particles readily abrade the ZDDP film which attempts to 
form on the contact surface and that this results in continuous corrosive-abrasive wear.  As U 
increases, the rate of wear was observed to steadily decrease, which could result from the ZDDP-film 
forming at a less rapid rate as EHL film thickness increases (as reported by Fujita in [151]). Alternatively 
it could originate from the CB removing the film less rapidly.  The MTM-SLIM tests have identified that in 
the absence of CB, ZDDP film formation is very rapid.  They have also confirmed that CB removes pre-
formed ZDDP films, even up to quite high entrainment speeds.  To further explore the impact of CB on 
ZDDP, tests were carried out using a reciprocating MTM technique. 
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7.3 Influence of ZDDP and CB on wear 
 
7.3.1 Experimental approach 
 
In this work, the influence of soot on the ZDDP antiwear film is further studied using the reciprocating 
mini-traction machine (R-MTM) together with spacer layer interferometry (SLIM). As in the unidirectional 
tests, on completion of the wear tests, the Handysurf was used to obtain 2D wear maps of the wear 
track on the flat specimen to estimate the cross sectional area of material lost from the surface.  The 
high frequency reciprocating rig (HFRR) was also used as a complimentary wear-simulating tool which 
gave wear measurements in terms of wear scar diameter (WSD) from the rubbing ball specimen in pure 
sliding conditions.  
 
7.3.2 Reciprocating – MTM wear test conditions 
 
In the unidirectional-MTM wear test, wear is distributed over a circumferential track on both the disc and 
ball. This means that there is a relatively small wear depth at any location and this is difficult to analyse 
for mild wear cases. To achieve more measureable wear, the reciprocating MTM technique was 
adopted. This provides more severe contact conditions than unidirectional sliding while avoiding 
pure sliding - where one surface is always in contact.  It enables the wear properties of lubricants 
and lubricant additives to be tested in boundary/mixed lubrication conditions. Table 7.5 lists the 
reciprocating-MTM test conditions that were used in this study.  The steel ball is rotated at a constant 
speed of 0.02 m/s while the disc is reciprocated circumferentially at a frequency of 10 Hz and a stroke 
length of 4 mm.  
 
Table 7.5: Reciprocating-MTM conditions 
Entrainment speed, U (m/s) 0.050 
Ball speed (m/s) 0.020 
Average disc speed (m/s) 0.080 
Slide-Roll ratio, SRR (%) 120 
Load, (N) 37 
Temperature (C) 100 
Test duration (minutes) 240 
Stroke length (mm) 4 
Frequency (Hz) 10 
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Each test was run at a constant temperature of 100 ºC for 4 hours which produced a 4 mm long, 
crescent shaped wear track on the disc as seen in Fig 7.7.  After each wear test was completed, the 
ball and disc specimen were removed and ultrasonically-cleaned in toluene followed by iso-propanol to 
remove any wear debris loosely adherent to the wear track. The Handysurf profilometer was then used 
to assess the cross-sectional profile of the wear track across at the central region of the crescent-
shaped track at three points, approximately 0.2 mm apart from each other (illustrated as positions A, B 
and C in Fig 7.6). 
 
A B C 
 
Fig 7.6: Microscope image of wear scar generated on MTM-disc specimen  
 
 
 Fig 7.7: Crescent shaped wear scar after reciprocating- MTM wear tests [198] 
 
 
The same test lubricants as studied earlier in section 7.1 were also used for the reciprocating 
MTM tests. 
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7.3.3 Reciprocating-MTM wear-test results  
 
The profiles obtained at points A, B and C (illustrated in Fig 7.6 above) were used to calculate the 
cross-sectional area of material lost from the flat specimen surface and the results obtained are plotted 
in Fig 7.8. The base oil alone was very difficult to test using the R-MTM because of high levels of 
friction encountered which led to scuffing. For this reason, the results for the base-oil alone are not 
presented. Once a dispersant or ZDDP additive was present, no scuffing was observed. 
   
 
Fig 7.8: Results to compare the wear scar Area on discs from R-MTM test 
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In the absence of CB, the dispersant prevented wear (and scuffing), indicating, as suggested by 
unidirectional work, that it can act as a boundary lubricating additive.    ZDDP also prevented wear in 
CB-free blends.  It could be seen that the ZDDP formed a stable antiwear film since this film could be 
seen by the Handysurf instrument detected as an 100 nm ridge on the rubbed track rather than a worn 
valley. 
 
When CB was introduced into the system at 5% wt., wear became apparent. This was relatively slight 
when just CB/dispersant was present but was extremely large with a ZDDP/CB/dispersant formulation. 
When ZDDP was present with CB, wear was nearly 200 times greater that when ZDDP was left out.  To 
confirm this antagonistic relationship between ZDDP and CB, HFRR tests were carried out. 
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7.4 High frequency reciprocating Rig (HFRR) 
 
7.4.1 HFRR wear test conditions 
 
The high frequency reciprocating rig (HFRR) was employed to compare the film-forming properties and 
wear characteristics of CB-containing and non-CB- containing formulations. The film-forming abilities of 
the lubricants were crudely estimated in the rig by electrical contact resistance (ECR) measurements 
which were made at 1 second intervals during the rubbing process. Wear was quantified by the average 
wear scar diameter (WSD) on the ball at the end of the test. The steel ball specimen was rinsed in 
Analar toluene then iso-propanol prior to wear scar measurement.  
 
Table 7.6 lists the main HFRR test conditions used in this study. All tests were conducted at a fixed load 
of 4 N and a temperature of 100 ºC.  Hard HFRR balls and soft discs were used. 
 
Table 7.6 : Main HFRR test conditions used 
Stroke length 1 mm 
Stroke frequency 50 Hz 
Load 4 N 
Test duration 60 minutes 
Test temperature 100 ºC 
Ball specimen properties AISI 52100, 800 VPN 
Flat specimen properties AISI 52100, 200 VPN 
 
Fig 7.9 shows a typical wear scar on the ball from which the average wear scar was calculated by 
taking the mean WSD reading from the x and y dimensions as shown below. 
 
                                  
y 
x 
Fig 7.9: Typical microscopic image of HFRR-ball wear scar (X10) 
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7.4.2 HFRR wear tests results 
 
The test lubricants described in Table 7.1 (section 7.1) were also employed in HFRR tests. The results 
from the measured WSD for each test lubricant are presented below in Fig 7.10. 
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Fig 7.10: HFRR Wear scar diameter measurements 
 
The measured WSD for the base oil alone was about 400 microns.  Wear decreased by approximately 
25% with the dispersant-containing solution and even more so in the ZDDP blend. The most effective 
additive combination in terms of wear reduction was the ZDDP/Dispersant blend. This suggests that 
under the relatively severe conditions present in the HFRR, both additives on their own possess good 
boundary lubricating properties which become more potent when the additives are combined. 
 
The CB-containing blends show a significant increase in wear when compared to the other binary oil 
formulations. This again highlights the negative impact of the CB. The effect of the CB on wear of the 
dispersant solution is greater than seen in reciprocating MTM tests.  This is probably because the short 
stroke length and pure sliding contact means that the HFRR test operates in more severe, thin film 
boundary lubricating conditions than the MTM.  In such conditions, the unidirectional MTM tests show 
that the dispersant/CB combination can give relatively high wear.   The greatest amount of wear was 
observed with the combination oil containing both ZDDP and CB, which is consistent with the results 
from both MTM studies described earlier.  
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Electrical contact resistance (ECR) measurements were also collected to investigate the rate at which 
the protective films develop against the rubbing surfaces. This technique enables a rough estimate of 
additive response over time. 
 
 
ECR MEASUREMENTS in first 5 mins
20% 
40% 
60% 
80% 
100% 
Fig 7.11: ECR measurements of test lubricants during first 5 minutes of rubbing 
 
The results in Fig 7.11 show the rate of film-formation on the rubbing surfaces. As expected, the base-
oil alone had poor film forming properties. The dispersant-containing blend appeared to form a partial 
film within 150 – 200 seconds of rubbing, which clearly demonstrates the additive’s ability to form 
boundary films. 
 
The blend containing only ZDDP rapidly formed a stable, resistive film, within the first 5 seconds of 
rubbing. A similar film forms with the ZDDP/dispersant blend but the rate of formation is slower and the 
film only stabilises after 150 seconds of rubbing. This is characteristic of this additive combination which 
has been reported to result in thinner antiwear films due to the dispersant interacting with ZDDP which 
reduces the overall rate of film formation [192].  
 
From the ECR results, the mixed-ZDDP solution has been shown to form the most stable antiwear films 
at the fastest rate under the test conditions used, which may help to explain the trend of high wear-
levels observed specifically when a mixed ZDDP is combined with CB. 
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7.4.3 MTM-SLIM – The impact of other particles on the ZDDP film and wear 
 
In section 7.2.3, the MTM was used in conjunction with SLIM to explore the impact of CB on pre-formed 
ZDDP films.  This showed that CB removes ZDDP films at a rate which diminishes as the entrainment 
speed and thus the theoretical EHL film thickness increases. In this section, unidirectional MTM-SLIM 
tests are described to see if similar behaviour is observed with other nano-particulates. It was hoped 
that this might indicate whether the removal of ZDDP films by CB was specific to CB (and thus might be 
chemical in origin) or was general to nano-particles and thus probably mechanical. 
 
Tests were first carried out to examine the effect of CB loading level on ZDDP film removal.  Then the 
effect of other nano-particles on wear was investigated. 
 
Table 7.7: Conditions used for MTM-SLIM study 
Entrainment speed (m/s) 0.1  
Sliding speed (m/s) 0.05  
Slide-roll ratio (%) 50  
Load (N) 31  
Test temperature (ºC) 100  
Test duration (min) 60   
 
 
As before, the MTM-SLIM tests involved two stages, one with ZDDP/dispersant solution to form a film 
and a second stage in which CB was included in the blend.  As before, all tests were carried out at 100 
ºC and a load of 31 N (a maximum Hertzian pressure contact of 0.95 GPa). The first stage lasted one 
hour at a fixed entrainment speed of 0.1 m/s corresponding to an EHL film thickness value of 13 nm 
(based on optical interferometry tests).  The second test used similar conditions and was continued for 
up to 60 minutes again. 
 
To explore the influence of CB loading on ZDDP film removal, the two solutions listed in Table 7.8 were 
used.  SLIM images from the first and second stages of tests on these two blends are shown in Fig 7.12 
and 7.13.  The SLIM has not been used to loot at  wear by soot before this study, therefore, the results 
obtained from this study were very interesting.  
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Table 7.8 : Test lubricants used in MTM-SLIM for ZDDP/CB antiwear film study 
Phase type Lubricant Sample name Lubricant Sample description 
Film forming 
(i) 
BO + 1% DISP + 1% ZDDP 
(0.08% wt. P) 
Group III base oil + 1% wt. succinimide dispersant + 1% 
wt. mixed ZDDP 
Film 
removal(ii) 
BO + 1% DISP + 1% ZDDP 
(0.08% wt. P) + 5% CB 
Group III base oil + 1% wt. succinimide dispersant + 1% 
wt. mixed ZDDP + 5% wt. CB 
 
Fig 7.12: BO + 1% DISP + 1% ZDDP (0.08% P) + 5% CB particles
(i)
Zero                    Imm 5 min             15 min               30 min              60 min               120 min
Zero                    Imm 5 min              15 min                30 min              60 min
 
 
(ii) 
  
The first row of images in each figure shows the antiwear film growth stage while the second row 
depicts the film removal phase by CB.  Once the CB-containing oil is added, the antiwear film is 
completely and rapidly removed within the first 60 seconds of rubbing even though ZDDP is present in 
the blend. Wear appeared to be much more pronounced at the higher CB loading which is observed as 
the distortion of the contact from around t = 5 min through to t = 60 min. 
 
To explore the impact of alternative nanoparticles to CB, silica and alumina were investigated. 
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Fig 7.14 shows transmission electron microscopy (TEM) images for both particles at a magnification 
range between X 80,000 – 120,000. Silica particles appear to be smaller and irregularly shaped 
compared to the larger alumina particles which are spherical and more ordered in their structure.  
 
 
Table 7.9 compares the physical properties of the abrasive particles studied, taken from the literature, 
together with engine soot included for comparison.  Table 7.10 lists the blends used in the study.  All 
nanoparticles were used at 1% wt. loading.  
 
         
Table 7.9: Comparison of physical properties of nano-particles 
Particle Av. particle size (nm) *Av. Particle hardness  
(HVN) 
CB  20 - 40 ~1105 
Silica  20 - 30 ~982  [214] 
Alumina  30-  60 ~2035 [214] 
Engine soot  30 - 50 ~1500 [223] 
*It should be noted that these hardness values are estimates obtained from internet web pages 
 
Table 7.10  : Test lubricants used in MTM-SLIM for ZDDP film study with Silica/Alumina nano-
particles 
Phase type Lubricant Sample name Lubricant Sample description 
Film forming BO + 1% DISP + 1% ZDDP 
(0.08% wt. P) 
Group III base oil + 1% wt. succinimide dispersant + 1% 
wt. mixed ZDDP 
Film removal BO + 1% DISP + 1% ZDDP 
(0.08% wt. P) + 1% Alumina 
Group III base oil + 1% wt. succinimide dispersant + 1% 
wt. mixed ZDDP + 1% wt. Alumina 
Film removal BO + 1% DISP + 1% ZDDP 
(0.08% wt. P) + 1% Silica 
Group III base oil + 1% wt. succinimide dispersant + 1% 
wt. mixed ZDDP + 1% wt. Silica 
50 nm20 nm 
Fig 7.14: TEM images of (a) Silica Particles (b) Alumina particles 
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Fig 7.15 and 7.16 show the effect of other dispersed abrasive particulates on the ZDDP film. With the 
silica particles, the ZDDP film is partially removed within the first 5 minutes of rubbing after which the 
film slowly begins to reform to approximately ca 40 nm after 1 hour of rubbing. On the other hand, the 
alumina particles severely abraded both of the rubbing contact surfaces within 1 minute of rubbing, as 
seen in Fig 7.16.  
 
Scanning electron microscopy with an energy dispersive X-ray (SEM/EDX) analysis was conducted to 
distinguish the elemental composition on the MTM-rubbing disc after rubbing. Fig 7.17 shows the area 
from which spectra readings were obtained from the disc. The silica specimen appeared to contain the 
greatest concentration of phosphorus (probably residue of the phosphate film) while the alumina 
showed the least level of the same element. The CB specimen also showed some phosphorus, which 
was less than the amount found in the silica specimen but more than in the alumina sample. These are 
in agreement with their MTM-SLIM results in terms of film residue and substrate loss from the rubbing 
contact.  
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The wear mechanism involving alumina differs from that of CB particles probably because the alumina 
particles are substantially harder than the CB particles. They are also substantially harder than the 
substrate material and apparently able to plough and abrade the rubbing surfaces directly. This can be 
noted from Veeco optical analysis obtained for both used specimens, which suggests the CB particles 
are only hard enough to remove the film but not directly hard enough to abrade the hard steel contacts. 
 
The study thus far suggests that soot antiwear film removal is a mechanical process and does not 
depend on the chemistry of the particles since all particles successfully abrade the film. Abrasion by 
contaminants is chiefly a function of the particles’ geometry, hardness and distribution. Therefore, wear 
rate by particle contamination is governed by the particles’ physical properties. 
 
 
 
 
 
CB  Alumina 
 
Silica 
Fig 7.17: Area of rubbing contact analysed with SEM/EDX technique (a) Alumina; (b) Silica; (c) CB 
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(a) Alumina 
 
(b) CB 
 
(c) Silica 
Fig 7.18: SEM/EDX Spectra readings obtained from the used MTM-SLIM discs 
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7.5 Discussion on the influence of ZDDP on wear with CB 
 
This study has shown that both the unidirectional and the reciprocating MTM (R-MTM) are effective 
techniques for studying the effects of wear by CB and additives in rubbing contacts and are particularly 
insightful when used in combination. 
 
From the reciprocating MTM wear tests in the absence of CB, both dispersant and ZDDP are very 
effective in preventing wear, both alone and in combination.  When CB is added to a ZDDP-free blend, it 
produces a slight increase in wear, possibly by disrupting the protective boundary film formed by the 
dispersant. However when ZDDP is present, a much higher wear rate is evident, indicating that the 
combination of the two components, ZDDP and CB, is highly detrimental in terms of wear.  A similar 
pattern of behaviour is seen in the HFRR.  
 
The unidirectional MTM work carried out to explore the effect of lambda ratio on wear demonstrates 
that, in dispersant/CB blends, CB particles only promote wear at lambda ratios of less than about unity. 
The role of the CB is probably to disrupt the protective dispersant film and thus enable adhesive wear 
(as seen with the base oil alone).  Thus it cannot be inferred that the CB does not continue to disrupt 
dispersant films up to lambda ratios greater than unity, only that adhesive wear between contacting 
asperities ceases above this lambda ratio.  With ZDDP and CB present, it is indeed, seen that wear 
continues up to much higher lambda ratios and up to a theoretical EHL film thickness of about 100 nm.  
This suggests that wear is being promoted by secondary soot particles. 
 
In conjunction with the ZDDP results, the absence of any wear by CB in the absence of ZDDP at EHL 
film thicknesses greater than about 20 nm confirms that the CB particles, while being hard enough to 
remove dispersant films, are not hard enough to cause abrasion of the steel surfaces under such 
conditions.  Upon inspection of the wear tracks from the reciprocating MTM tchnique with the Veeco, a 
different pattern of wear on the substrate was evident. In the dispersant/CB blends, the wear scars were 
often observed to be similar to scratch marks as a result of adhesion or abrasion from increased 
asperity-asperity contact. On the other hand, the wear track with the ZDDP/CB combination oil showed 
much smoother, deeper troughs. 
 
From the MTM-SLIM work it is seen that CB very rapidly removes any ZDDP film that forms.  Based on 
all of these results, what is believed to occur when ZDDP is present is that the CB particles rapidly 
abrade newly-formed sulphide/phosphate films thereby exposing reactive metal or metal oxide to further 
increase ZDDP attack.  This cycle of chemical film formation and removal is generally known as a 
“corrosive-abrasive” wear. The trough-like appearance of the wear scars is possibly due to the corrosive 
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and progressive loss of the substrate. This is consistent with findings reported by both Booth et al [84] 
and Masuko et al [103] who also observed higher wear levels from similar combination oils.   This 
mechanism and its implications will be further explored later in this thesis. 
 
7.6 ZDDP and Soot - Conclusion 
 
The unidirectional mini-traction machine (MTM) was employed to assess the influence of lambda ratio 
and operating fluid film-thickness on wear both in the absence and presence of CB. By using a series of 
entrainment speeds, it was evident that non-CB formulations i.e. oils that contained the additive ZDDP 
and/or succinimide dispersant, prevent wear very effectively under the conditions studied. This was 
interpreted as resulting from the additives forming boundary films on the rubbing surfaces. In CB-
dispersant solution, increased wear was observed at very low entrainment speeds (corresponding to 
low theoretical film thicknesses) with wear ceasing above a critical entrainment speed.  This was 
interpreted as resulting from the CB disrupting the protective dispersant boundary film, permitting 
adhesive wear at low lambda ratios.  In blends where both CB and ZDDP were present, wear continued 
up to much higher entrainment speeds. It was concluded that the larger secondary CB particles, (i.e. CB 
agglomerates as discussed in chapter 2, which for the CB used are between 70 – 100 nm in diameter), 
may play an important role in promoting wear by removing the ZDDP film. 
 
A similar influence of CB on wear of ZDDP-containing oils was also observed using the MTM in 
reciprocating mode.  A much higher wear rate resulted from ZDDP/CB combinations than either 
component separately.  This effect is believed to result from rapid abrasion of the ZDDP tribofilm by the 
CB particles, leading to a situation in which the ZDDP film is abraded as fast as it is formed. This 
corrosive-abrasive mechanism leads to a rapid loss of the substrate. 
 
Study on the influence of other nano-particles on ZDDP films has helped to identify the process of wear 
by soot as being primarily a mechanically-driven one. All the abrasives studied actively removed the 
protective ZDDP film, while the alumina particles were observed to directly remove the steel surface. 
The study suggests that CB particles are not hard enough to directly abrade the steel surface which 
implies that soot particles only influence wear by tribofilm removal. 
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8.   Results; 
Impact of  other Additives 
on Wear by Carbon Black 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In this chapter, the findings of the previous chapter, that the combination of ZDDP and CB is 
specifically pro-wear, probably due to a corrosive-abrasive wear mechanism, is extended by 
looking at other additive systems.   
 
Wear tests are carried out in which the ZDDP is replaced by a series of other AW and EP 
additives. All of these additives show a similar pro-wear response with CB, although to a 
lesser extent than the mixed ZDDP studied in chapter 7. 
 
Tests are also carried out using a range of dispersants and a range of model formulated oils 
so as to explore the impact of other additives on the ZDDP/CB antagonism. 
 
  126 CHAPTER 8        Results; Other Additives & Soot 
8.1 Other additives and carbon black 
 
In Chapter 7, the behaviour of ZDDP and CB, a soot surrogate, in rubbing contacts, was investigated. 
The results identified a specific antagonistic relationship when these two components were combined 
that led to increased levels of wear. It was proposed that the high level of wear results from a corrosive- 
abrasive mechanism. The ZDDP reacts with the ferrous surface to form a phosphate or sulphide 
(corrosion).  This film is then rapidly removed by the carbon black (abrasion).   
 
In the current chapter, this work is extended in three separate studies.  In the first, investigations were 
carried out on a series of other commercial ashless anti-wear and extreme pressure additives which 
were also likely to react with ferrous surfaces to form protective, abradable films similar to ZDDP films 
and which contained one or both of the main active components of ZDDP, i.e. P and S atoms. It was 
hoped that this might provide a better insight into understanding the wear mechanism involved with 
ZDDP/CB blends. Then the impact of other dispersant chemistries on wear by CB and ZDDP was 
investigated since workers have suggested that the harmful effect of soot on wear with ZDDP-
containing lubricants can be controlled by appropriate type and concentrations of dispersant used 
[197]. Finally, the effect of CB on wear in a series of almost fully-formulated oils was investigated, to 
explore the impact of changing individual additives on wear. 
 
8.2 Experimental study on ashless AW and EP additives 
 
Two families of additives were studied.  One was ashless antiwear additives. In recent years there has 
been considerable interest in replacing ZDDP by other antiwear additives that do not contain metal 
atoms and thus do not contribute to sulphated ash.  Such ash can lead to blockage of the diesel 
particulate filters, thus reducing the useful life of the exhaust after-treatment systems.  Most such 
additives studied are based either on organic compounds containing sulphur and phosphorus (e.g. 
alkylthiophosphates) or just phosphorus (e.g. alkyl phosphites and phosphates).   The second family of 
additives that were chosen was the sulphur-based EP additives.  These are generally alkyl sulphides, 
carbamates or S-containing heterocyclics and their main role is to react with hot rubbing surfaces 
during scuffing to form low shear strength films [204-212]. In the context of the current work, the interest 
was in comparing the impact of CB on wear with sulphur-containing additives which do not contain 
phosphorus, to identify whether sulphur or phosphorus is responsible for the high wear seen with 
ZDDP. Also studied was a primary ZDDP, for comparison with the mixed primary-secondary reported in 
Chapter 7. 
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A series of wear tests were conducted using the reciprocating-MTM (R-MTM) in which the impact on 
wear of each additive was quantified with and without CB. The area of the wear generated was 
analysed using both the Handysurf stylus profilometer and the Veeco optical profilometer. Finally, 
standard HFRR wear tests were conducted to further investigate the film forming and wear properties of 
the test lubricants.  
 
8.2.1 Test lubricants used 
For this study, a group III mineral oil was used with a kinematic viscosity of 4.2 mm²/s at 100 ºC and 
19.53 mm²/s at 40 ºC (see Appendix 1 for more details on group III base oil). This was the same base 
oil as was employed in the work described in Chapter 7. The following types of ashless AW/EP 
additives were studied: 
 Phosphorus based (P-based);  
 Sulphur and phosphorus based (S-P based); and 
 Sulphur based (S-based) 
Table 8.1 describes the AW additives and compositions used in this investigation 
 
Table 8.1: Description of other AW and EP additives studied 
Additive type Additive description Sample description 
Primary ZDDP 
(S-P based) 
Primary zinc 
dialkyldithiophosphate 
BO+1% Disp + 0.08 % P in Primary ZDDP 
(5% wt. CB) 
Phosphate 
(P-based) 
Bis (2 –ethylhexyl) hydrogen- 
phosphate 
BO+1% Disp + 0.08 % P in Phosphate 
(5% wt. CB) 
Phosphite 
(P-based) 
Bis (2 –ethylhexyl) hydrogen- 
phosphite 
BO+1% Disp + 0.08 % P in Phosphite 
(5% wt. CB) 
Irgalube-63 
(S-P based) 
Ashless dithiophosphate BO+1% Disp + 0.08 % P in Phos-Sulphur 
(5% wt. CB) 
DBDS 
(S-based) 
Dibenzyl disulphide BO+1% Disp + 0.3 % S in DBDS 
(5% wt. CB) 
Polysulphide 
(S-based) 
Alkyl polysulphide BO+1% Disp + 0.3 % S in Polysulphide 
(5% wt. CB) 
Sulphonic acid 
(S-based) 
Alkyl benzene sulphonic acid BO+1% Disp + 0.3 % S in sulphonic acid 
(5% wt. CB) 
 
All the additives listed in Table 8.1 were sourced from SigmaAldrich, UK except for the primary ZDDP 
and the sulphonic acid, which were supplied by Infineum UK, and the S-P additive which originated 
from Ciba Speciality Chemicals. The phosphorus-containing additives were dissolved in the base oil at 
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a treat rate of 0.08 % wt. phosphorus while the sulphur-based additives were blended into the base oil 
at 0.3 % wt. Sulphur (ILSAC-GF4 specifications 2004). The dispersant used in all subsequent tests was 
the same commercial succinimide dispersant from Infineum, UK Ltd as was used in Chapter 7. Tests 
were carried out on both the CB-free additive/dispersant blend and on the same solution containing 5% 
wt. of CB. The carbon black used to mimic the effects of soot was Vulcan XC72-R (Cabot, UK) with an 
average particle size range between 30-50 nm and was the same as employed in Chapter 7. 
 
 
8.2.2 Reciprocating- MTM test Results 
 
The R-MTM mechanism of operation was described in Chapter 6. Table 8.2 lists the test conditions 
employed  
 
Table 8.2: Reciprocating-MTM conditions 
Entrainment speed, U (m/s) 0.050 
Ball speed (m/s) 0.020 
Average disc speed (m/s) 0.080 
Slide-Roll ratio, SRR (%) 120 
Load, (N) 37 
Temperature (C) 100 
Test duration (minutes) 240 
Stroke length (mm) 4 
Frequency (Hz) 10 
 
 
After each test run, the MTM disc was rinsed in the ultrasonic bath with both Analar toluene followed by 
acetone. The specimen was then dried and the Handysurf used to assess the topography of the 
rubbing track. As in the work described in Chapter 7, measurements were taken from the central part of 
the wear track across the wear track. 
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8.2.2.1 S-P based additives – Results 
 
Fig 8.1 compares the mean cross sectional wear scar area generated from the phosphorus and 
sulphur-containing antiwear additives with the wear results obtained with the mixed ZDDP. Under the 
test conditions used, the ashless thiophosphate compound and the primary ZDDP all give negligible 
wear when CB is absent from the solution. However, when 5% CB is added to the mixtures, 
considerable wear is observed.  The level of wear is appreciably greater than that generated with the 
dispersant/CB blend, i.e. in the absence of S-P AW additives. However, it is less than the wear 
observed from the combination of mixed ZDDP and CB.  The primary ZDDP appeared to be the most 
effective S-P additive at minimising the effects of CB on wear under the wear test conditions used. 
 
                                   
 
  Fig 8.1: Wear results for P-S based AW additives from R-MTM tests 
 
 
 
 
 
Effect of P-S based additives on CB-wear
1.4E-05 
2.3E-03
8.5E-04
5.1E-04 
0 
0.0005 
0.001 
0.0015 
0.002 
0.0025 
Dispersant Mixed ZDDP Phosphorus- sulphur Primary ZDDP 
C
ro
ss
-s
ec
tio
na
l A
re
a 
of
 w
ea
r s
ca
r (
m
m
2 )
 
No CB
5% CB
  130 CHAPTER 8        Results; Other Additives & Soot 
8.2.2.2 P-based additives – Results 
 
Fig 8.2 summarises the wear results obtained with P-based additives. Again, for the CB-free blends, 
the area of measured wear was negligible for all additives studied under these test conditions.  
 
However, when CB was added to the formulations at 5% wt., a considerable amount of wear was 
generated, more than with CB in dispersant solution alone, without any antiwear additive present. This 
shows the negative impact of CB in combination with P-antiwear additives. The highest amount of wear 
is clearly still evident for the mixed ZDDP/CB mixture when compared to the other P-based additives 
that were investigated. 
 
 
 
Fig 8.2: Wear result for P-based additives from R-MTM tests 
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8.2.2.3 S-based additives - Results 
 
The R-MTM technique was used to examine the influence of S-type extreme pressure (EP) additives in 
CB-loaded oils and the results are summarised in Fig 8.3.  It can be seen that the S-containing EP 
additives give some wear even without CB. This may be a consequence of the active sulphur species in 
the compounds which have been shown to contribute to wear [84].  
 
In the presence of CB, the wear with S-based additives increases, which again illustrates the negative 
impact of the solid contaminant in combination with a tribofilm-forming additive. DBDS appears to be 
the most effective EP additive at minimising the effects of CB, with a comparable wear rate to the 
dispersant/CB blend alone. Much greater wear is observed with the other S-based additives, and most 
for the alkyl benzene sulphonic acid. This could be due to differences in rates at which the S-based 
additives react with rubbing surfaces.  The disulphide, DBDS, contains only S- bonded to C- whereas 
the polysulphide contains longer S- chains in which some sulphur atoms are bonded to two sulphur 
atoms.  Such S atoms are known to be much more labile and reactive thus generating more wear [213]. 
 
 
Fig 8.3: Wear results for S-based AW additives 
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8.3 HFRR wear tests Results 
To further explore the impact of CB with ashless AW and EP additives, HFRR wear tests were 
conducted under the test conditions listed in Table 8.3. 
 
Table 8.3 : Main HFRR wear test conditions used 
Stroke length, (mm) 1 
Stroke frequency, (Hz) 50  
Load, (N) 4  
Test duration, (minutes) 60 
Test temperature, (ºC) 100  
HFRR Ball properties AISI 52100, ~800 VPN 
HFRR Flat properties AISI 52100, ~750 VPN 
 
 
Fig 8.4 presents the results on the wear properties of the P-based and P-S additives with CB, given as 
a function of the wear scar diameter (WSD) taken from the reciprocating ball specimen. One dashed 
horizontal line is also shown which represents the wear produced by the combination of dispersant and 
CB (without ZDDP).  All the additives show good antiwear characteristics in the absence of CB.  The 
phosphate additive was the least effective AW agent. 
 
The P-based and S-P based additives show much higher rates of wear when CB is added than without 
CB and this is in accord with the R-MTM results. Unlike in the reciprocating MTM, the level of wear was 
not significantly greater than that for CB + dispersant alone.  This is because, as noted in Chapter 7, 
the HFRR operates in thin film boundary lubricating conditions where CB appears to disrupt the 
protective dispersant film leading to adhesive wear.  
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Fig 8.4: HFRR wear scar measurement results for AW additives with and without CB 
 
Electric contact resistance (ECR) readings were also obtained to help understand the film-forming 
behaviour of the individual additives. The results of this are presented below in Fig 8.5. 
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Fig 8.5: ECR readings of the AW additives after 15 seconds of rubbing 
The ECR results above give an indication of the rate of film-formation for individual additives. The 
mixed ZDDP and phosphite additive form films fastest according to the ECR results, while the primary 
ZDDP reacts the slowest. It should be noted that the result for the mixed ZDDP lies directly beneath the 
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points for the phosphite. The rate at which the additives react with the surface to form films may be a 
determining factor in the corrosive-abrasive mechanism proposed. That is to say, faster film formation 
may lead to faster film removal by the CB and ultimately a faster loss of the contact substrate. 
 
 
 
8.4 Discussion of ashless AW & EP additive wear behaviour 
with CB 
 
Ashless AW additives appear to form protective films on the rubbing surfaces but these films were 
observed to be much thinner (ca 50 nm) than films formed with the mixed ZDDP (ca 100 nm). However, 
a thinner protective film does not necessarily mean a poorer antiwear character since all the additives 
possessed a similar AW ability to the mixed ZDDP in the absence of CB.  
 
In the presence of CB, all the ashless P-based and S-P based additives tested show a greatly 
increased level of wear compared to the CB-free blends.  In the R-MTM, this wear is also much greater 
than that seen with CB and dispersant alone, i.e. in the absence of AW/EP additives. In the HFRR, the 
wear is generally slightly less than seen with CB/dispersant alone and this is due to the high level of 
wear produced by the alternative combination which probably arises from adhesive wear due to 
breakdown of the protective dispersant boundary film. 
 
Overall the pattern of behaviour is consistent with that observed in Chapter 7 with the mixed ZDDP/CB 
blend, although the latter shows a higher rate of wear than the other AW/EP additives studied.  This 
agrees with the concept that the wear rate with CB may be closely related to the rate of AW film-
formation, with rapid film-formation correlating to higher rate of wear. In this study, the rate of AW film 
formation is believed to be governed by the rate at which the AW additives and/or their decomposition 
products themselves react and thus adsorb onto the metal substrate. The mixed ZDDP and 
dithiophosphate which formed films the fastest generated the highest amount of wear; while the primary 
ZDDP that appeared to form a protective film least rapidly produced lower amounts of wear.  
 
Test with S-based EP additives confirm that these additives are not very good antiwear additives since 
they enhance wear even without any CB present. Such wear is believed to occur as the EP-additives 
react with the surface to form sulphide films that are easily abraded.  However for all the S-based 
additives, wear increased when CB particles were introduced into the blend.  This again illustrates the 
negative impact of CB particles to enhance wear in the presence of reactive additives. This effect is 
most evident with the alkyl benzene sulphonic acid, which showed the highest amount of wear. This 
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may be due to the presence of a polar acid group in the compound which may react with ferrous oxides 
to produce abradable surface species. The additive may even decompose to form sulphuric acid in the 
rubbing contact and thus form iron sulphates.  This would be in accord with the wear mechanism 
proposed by Akiyama who observed higher wear levels of cylinder and top rings as a result of corrosive 
wear by sulphuric acid, a by-product of combustion [80]. 
 
The DBDS possesses the most efficient AW properties of the S-based additives.  Allum and Forbes 
conducted a series of tests on the AW and EP response of similar organic disulphides and they 
reported that disulphides exhibit good AW response due to the ease of breakage of their S-S bonds and 
subsequent formation of a benzyl mercaptide film.  Such a film is intrinsically not dissimilar to a 
surfactant film but is chemically bonded to the surface and stronger [213]. By contrast, the polysulphide 
gives greater wear, probably because of the availability of more labile S- in its molecules which promote 
formation of iron sulphide.  
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8.5 Dispersants and Carbon Black 
 
8.5.1 Experimental study on Dispersant additives with Carbon Black 
 
Dispersants are essential lubricant additives used to control the agglomeration of soot particles in 
engine oils. There are number of commercially-available dispersants of which polyisobutyl succinimide 
polyamines (PIBSA-PAMs) are by far the most frequently used. It has been suggested that the pro-
wear effects of soot can be mitigated to some extent by appropriate choice of dispersant [197].  There 
are a number of possible ways that this might occur; e.g. by stabilising smaller soot particles, reducing 
the friction of soot particles in rubbing contacts or even, as might be inferred from the current findings, 
reducing the rate at which ZDDP reacts with surfaces.  The aim of this work is to determine the impact 
of dispersant chemistry and concentration on the negative impact of soot on wear in ZDDP-containing 
oils.  
 
The reciprocating mini-traction machine (R-MTM) was the main tool employed in this study. Wear was 
quantified as the area of material removed from the flat MTM disc surface.  The HFRR was also used 
alongside the R-MTM.  The impact of the dispersants on the film-forming behaviour of ZDDP-containing 
blends was also observed using the spacer layer imaging method (SLIM). 
 
 
8.5.2 Test Lubricants used 
 
The same Group III base oil as used in Chapter 7 and earlier in this chapter was employed. (Appendix 
1 lists properties of the BO). The same mixed ZDDP was used as employed in Chapter 7, based 
mainly on secondary alkyl groups. Tests were carried out at two dispersant concentrations, 1% wt. and 
9% wt., to distinguish the effects of additive concentration and chemistry on soot-induced wear. Table 
8.4 gives details on the type and composition of dispersants employed in this investigation.  
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Table 8.4: Lubricant composition for the study of the effect of dispersants on sooted-wear  
 
Dispersant type Dispersant description Test lubricant used 
DISP – X Bis -succinimide dispersant 
(*same dispersant as studied 
in chapter 7) 
BO+ Disp-X + 1% ZDDP (0.08% P) 
(+ 5% CB) 
DISP – A Borated succinimide 
Dispersant 
BO+ Disp-A + 1% ZDDP (0.08% P)  
(+ 5% CB) 
DISP – F Amine based Antioxidant BO+ Disp-F + 1% ZDDP (0.08% P) 
(+ 5% CB) 
DISP - G  Non- borated dispersant  
(From DISP - A) 
BO+ Disp-G + 1% ZDDP (0.08% P) 
(+ 5% CB) 
VM – E Functionalised viscosity 
modifier  
BO+VM-E + 1% ZDDP (0.08% P) 
(+ 5% CB) 
 
 
8.5.3 Reciprocating-MTM wear-test results 
 
R-MTM wear test conditions were the same as those described in section 8.1.2, i.e. as listed in Table 
8.5.  
 
Table 8.5: Reciprocating-MTM conditions 
Entrainment speed, U (m/s) 0.05 
Ball speed (m/s) 0.02 
Average disc speed (m/s) 0.08 
Slide-roll ratio, SRR (%) 120 
Load, (N) 37 
Temperature (C) 100 
Test duration (minutes) 240 
Stroke length (mm) 4 
 
 
The ball and disc specimen for the R-MTM, were cleaned in toluene followed by acetone after testing 
and then surface profile readings of the wear scar were made using the Handysurf. Each wear test 
lasted for 4 hours and was conducted at a fixed temperature of 100 ºC. 
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Fig 8.6 summarises the results obtained. For each dispersant, three data bars are shown.  The first 
shows results with 1% wt. dispersant, 5% wt. CB and ZDDP, the second is for results with 9% 
dispersant, 5% wt. CB and ZDDP while the third (which is zero for the first four dispersants) shows 
results for 9% wt. dispersant, 5% wt. CB with no ZDDP present.  It is noteworthy that all the dispersants 
studied produced negligible wear in the absence of ZDDP, which indicates that all the dispersants 
possess some boundary lubricating properties. It is important to note that the viscosity will also change 
due to the high dispersant loading, which may also play a role in influencing the operating entrainment 
speed. However, this factor was assumed to produce negligible effect for the purpose of this study. 
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Fig 8.6: Effect of dispersant concentration and chemistry on sooted-wear 
 
At the 1% wt. level of dispersant there are quite large differences in performance between the 
dispersants. Two of the dispersants, DISP-X and VM-E, allow high wear to take place when ZDDP and 
CB are present.  However DISP-A, DISP-F and, to a lesser extent DISP-G control this wear.  At 9 % 
dispersant concentration, none of the dispersants successfully restrains wear.  Interestingly, the two 
dispersants, DISP-X and VM-E that produce high wear at 1% concentration give less wear at 9 % wt. 
concentration.  
 
Previous workers have shown that increasing the dispersant concentration of sooted oils plays a 
fundamental role in controlling the CB-dispersion which can influence antiwear film removal and thus 
wear [197].  However, from the current work it appears that the effect of dispersant is more complex.  In 
principle, pro- and antiwear contributions from dispersant can be envisaged; i.e. 
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Anti-wear 
 Dispersant may stabilise the CB particles in suspension and inhibit  ZDDP-film removal 
 Dispersant may slow the rate of reaction of ZDDP with rubbing surfaces which, if this reaction 
rate is the wear rate determining step via the corrosion-abrasion mechanism, might reduce 
wear 
 Dispersant may provide a protective film in its own right by adsorbing on surfaces (likely with 
dispersant VM-E) 
 
Pro-wear 
 Dispersant may adsorb onto the rubbing surfaces and help to carry bound CB to the surfaces 
 Dispersant may complement CB in removing thin ZDDP tribofilm from the rubbed surfaces 
 
The results in Fig 8.6 may reflect some of the above effects but further work is needed to clarify this, as 
well as further detail of the precise structures of the various dispersants used. It may also be relevant to 
consider conducting rheology tests on the dispersants mixtures to distinguish the effect of the 
dispersant loading on its viscosity. 
 
 
8.5.4 MTM-SLIM results 
 
A series of MTM-SLIM tests were conducted to better understand the effects of the dispersant 
chemistry on the rate of ZDDP film formation. Firstly, a ZDDP tribofilm was grown. Once tribofilm 
formation was complete, the test lubricant was replaced by the same blend which also contains a 5% 
wt. CB dispersion. The aim was to see whether a dispersant was able to prevent removal of the 
developed AW film and thus limit wear by soot. The results are presented in the figures below. 
 
Fig 8.7 to 8.10 show interference images of the film-forming and removal process using different 
dispersants. ZDDP with Dispersant A and F (the borated succinimide and amine antioxidant) developed 
quite thick (>80 nm) reaction films in thin film, rolling-sliding, EHD conditions without CB. These films 
formed rapidly within the first 5 minutes of rubbing.  However Dispersant G and the functionalised 
viscosity modifier (VM) appeared to inhibit ZDDP film formation during 2 hours of rubbing. Upon 
inspection of these specimens, negligible wear was recorded 
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Further tests were conducted on the specimens that developed significant ZDDP reaction films to 
determine whether film removal by CB was inhibited. The CB-free lubricant was drained and replaced 
by an equivalent blend containing 5% wt. CB.  Rubbing was then resumed. For both dispersants A and 
F, the ZDDP film was completely lost within the first 5 minutes of rubbing. It was therefore difficult to 
distinguish between the performances of these two dispersant types in controlling ZDDP film removal. 
Further work was carried out using the HFRR technique to gain a better insight into the topic. 
 
8.5.5 HFRR wear-test results 
 
HFRR wear tests were used to gain a better insight of the impact of dispersant chemistry on soot-
related wear. All tests were conducted at a dispersant concentration of 1% wt. without ZDDP present.  
This was carried out to eliminate the combined effects from ZDDP and dispersant which may contribute 
to wear by soot. The HFRR wear tests conditions employed were the standard conditions as described 
earlier in Table 8.3 with a stroke length of 1 mm at a frequency of 50 Hz and set temperature and loads 
of 100 ºC and 4 N respectively. 
 
Fig 8.11 below summarises the average wear scar diameter (WSD) readings on the reciprocating 
HFRR ball in the study of effects of dispersant type on soot-related wear. The dashed lines represent 
the wear results generated by ZDDP-containing oils. 
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Fig 8.11: HFRR wear scar diameter measurements on the effect of dispersant chemistry on wear 
by CB 
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All dispersants studied showed good wear-reducing properties in the absence of CB.  This is in accord 
with the results obtained from earlier reciprocating MTM technique. This suggests that the dispersants 
minimise wear by forming boundary lubricating films on the rubbing surfaces.  ZDDP containing blends 
are still observed to be superior in antiwear properties to the dispersants alone, as indicated by the 
lower dashed line. 
 
When CB is added, wear increases for all the formulations but is still significantly less than the wear 
generated by ZDDP/CB combination. The measured wear scar diameters in the non-CB and CB-
containing test oils were generally in the same range. 
  
 
8.6 Wear test on semi-formulated oils 
 
Binary additive oil blends are almost never used in real life engineering applications but were useful in 
this study to help isolate and monitor the effects and interactions of individual additives in the study of 
soot-induced wear.  
 
Some tests were also carried out on more complex but realistic blends containing most of the additives 
normally present in engine lubricants.  A series of model formulated oil blends were supplied by 
Infineum UK Ltd and tested in the presence of CB. All the oils had a kinematic viscosity within the range 
of 12.0 -12.77 cSt at 100 ºC and are described in Table 8.6 below. More information on the blends can 
be found in Appendix 2. 
 
Table 8.6: Semi-formulated Oils used to test for Gross component effect on 
sooted-wear 
Sample ID Sample description Effect studied 
OIL 1 *Base blend Base case 
OIL 2 Base blend with alternate dispersant type Boosted dispersancy 
OIL 3 Base blend  with alternate detergent Alternative detergent 
OIL 4 Base blend with alternate antiwear additive Primary ZDDP 
OIL 5 Base blend with a VM that has dispersancy credit Functionalised VM 
OIL 6 Base blend with alternate dispersant type 2 Borated dispersant 
OIL 7 Base blend without antiwear additives No ZDDP 
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*Base blend comprises of a high molecular weight bis-succinmide, high soap Ca Phenate with 
overbased Ca sulphonate detergent, a secondary ZDDP antiwear agent, a star VM polymer and 
an antifoam agent all dissolved in a group I base oil to generate a package of constant treat rate. 
 
8.6.1 EHL film thickness measurements 
 
In the current study, the importance of EHL film thickness on determining the prevalence of wear was 
discussed. Therefore, EHL film thickness measurements were conducted on the formulated base blend 
at 100 ºC to study its film-forming properties.  This could then be used to deduce theoretical film 
thickness values. Fig 8.12 compares the film-forming properties of a standard group I mineral base oil 
(Infineum UK Ltd) with the semi-formulated base blend.  
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Fig 8.12: EHL film thickness measurement of base blend and a plain Group I mineral oil 
 
The film thickness behaviour for both oils were relatively similar.  The main differences probably 
originate from the presence of the viscosity modifier 
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8.6.2 Reciprocating MTM wear test Results- Semi formulated oils 
 
The reciprocating mini-traction machine (MTM) was used to investigate the effects of CB on the 
formulations described in Table 8.6. The same conditions as earlier in Section 8.2 were employed. 
 
Fig 8.13 compares the wear of the formulated oil blends with the results previously obtained in the 
binary blend wear study in Chapter 7. 
 
 
 
Fig 8.13: Area of Wear scar generated with formulated oils for the study on gross component 
effects with 5% wt. CB 
 
 
By far the lowest wear is obtained with the two non ZDDP-containing oils, both the previously tested 
ZDDP/Dispersant blend and the new base blend with ZDDP left out.  This is consistent with the general 
observation already made; that the combination of ZDDP and CB is antagonistic. 
 
 
  145 CHAPTER 8        Results; Other Additives & Soot 
Of the other formulated oils, the base blend represents the reference and generates the least amount of 
wear compared to the other formulated oils investigated.  It appears that replacing the dispersant in this 
base blend with either the booster dispersant, the borated dispersant or the functionalised VM 
increases wear. 
 
The most interesting feature of Fig 8.13 is that the very high wear found in Chapter 7 when ZDDP and 
CB are combined is only seen with blend 3, where the phenate/sulphonate detergent is replaced by an 
alternative detergent.  This suggests that the effect of the overbased phenate/sulphonate detergent is 
partially able (though by no means fully) to mitigate the antagonistic pro-wear effect between ZDDP and 
CB.  It is well known that overbased detergents can modify the ZDDP tribofilm by either forming calcium 
phosphate or a film consisting of CaCO3 and the normal iron/zinc phosphate. 
 
Unlike in section 7.3, in these formulated oils, the primary ZDDP is less effective at controlling wear 
than in the secondary ZDDP used in the base blend. Thus the wear generated with oil 4 was almost 
double that observed in the simple primary ZDDP/CB combination oils (5.08 x 10-4 mm²) in this current 
study.  
 
 
 
 
8.7 Other additives and soot – Conclusions 
 
 
From the results above it is clear that other AW/EP additives tested also show an antagonistic response 
with CB, although to a lesser extent than the mixed ZDDP tested in Chapter 7.   A primary ZDDP 
shows less wear with CB than the mixed ZDDP.  Primary ZDDPs are known to be less reactive and 
more thermally stable than secondary ones – the latter is why they are often preferred in diesel engine 
oils. 
 
The S-based EP-additives all showed signs of promoting wear even without CB present, which is 
expected since S-compounds are generally known for their corrosive behaviour especially under severe 
conditions. The level of wear was more severe when CB was added into the S-based oils, most 
especially in the alkyl benzene sulphonic acid mixture. This highlights the importance of the molecular 
positioning of the S-bond and the associated species attached to it, which strongly predicts the EP 
response. 
 
  146 CHAPTER 8        Results; Other Additives & Soot 
The above findings confirm the hypothesis proposed in Chapter 7, that CB causes wear when AW/EP 
additives are present because the CB particles rapidly and continuously remove the phosphate or 
sulphide film being formed during rubbing.  
 
The study of nearly fully-formulated oils indicates that detergent may also play a role in controlling wear 
of ZDDP with CB.  When overbased calcium sulphonate/phenate is used, the deleterious effect of 
ZDDP on wear with CB is partially mitigated while when an alternative detergent is used instead, this is 
not the case.  This may reflect the influence of the detergent on the antiwear film. 
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9.   Results; 
Effect of Surface Hardness 
on Wear by Carbon Black 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
One factor that may influence the impact of soot on wear is the hardness of the 
rubbing components. In this chapter, the effect of the substrate surface hardness 
on wear by soot is studied using the two wear techniques: the reciprocating MTM 
and the HFRR. It is found that the antagonistic effect of ZDDP and CB on wear is 
largely independent of hardness, although at lower hardnesses, abrasive damage to 
the soft surface can also occur.
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9.1 Surface hardness and wear by soot 
 
A few researchers have proposed that the substrate material plays a significant role in determining the 
rate of formation of ZDDP antiwear films [217]. It has also been argued that the applied pressure and 
hardness of the rubbing surfaces may also control ZDDP film formation and thus wear [218]. While the 
hardness of the substrate should influence wear processes in which the substrate is abraded, it should 
not greatly affect the corrosion. The AW film corrosion-abrasion mechanism was proposed in earlier 
chapters.  To verify this and explore the influence of substrate hardness in general, this chapter 
investigates the impact of steel hardness on ZDDP film formation and wear. 
 
 
9.1.1 Physical Factors that influence Tribofilm formation and diesel engine 
wear  
 
Recently, it has been suggested that the physical properties of the rubbing materials such as the 
substrate type, surface finish and hardness of the materials, can be fundamental when determining the 
rate of ZDDP film formation. It has also been reported that ZDDP only forms on ferrous metal surfaces 
and not on glass surfaces [118] which in itself is indicative of its formation process. Therefore, it is 
important to understand the relationship between lubricant additives and surface properties so that 
lubricant design can accommodate such effects. 
 
The hardness of a material is a measure of its resistance to permanent deformation and can be 
evaluated using various techniques and scales [219, 220]. Hardness is known to be very important in 
abrasive wear and in rolling-contact fatigue. However, there has been little study on the role of hardness 
in boundary lubrication. So and Lin confirmed that the relative surface hardness determines the wear 
performance and rate of ZDDP tribofilm formation [217, 221]. Generally, they found large differences in 
running-in times when the hardness of the rubbing pairs was markedly different i.e. longer running-in 
times and thus lower AW performance of the ZDDP when the relative hardness was different.   
 
A similar study was conducted to explore the effect of the substrate hardness on ZDDP wear 
performance [222]. The Canadian research group investigated ZDDP wear performance on four 
different hardness levels of substrate i.e. 250, 450, 650 and 1000 Vickers (HVN). Atomic force 
microscopy (AFM) and scanning electron microscopy (SEM) were used to analyse the surface 
topography and morphology while focussed ion beam and SEM (FIB/SEM) was used to study the cross 
section of the interface after tests were complete. 
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The results they obtained showed that the film generated on the softer rubbing element was extremely 
rough and scratched, while a more homogenous AW film formed on the hardest substrate surface. The 
AW film generated on the hard substrate was particularly rich in long chain polyphosphate while shorter 
chain polyphosphates dominated the film layer on the softer specimen. There was little change in 
roughness of the hardest material which also generated the least amount of wear from the four 
specimens. The AW films formed were further probed to elucidate their nano-mechanical property 
relative to their surface hardness. It was found that the AW films possessed lower elastic moduli than 
their corresponding steel substrate, which was an expected trait of the phosphate film. The film formed 
on the hardest material had a higher elastic moduli value than the films grown on the softer surfaces. 
Also the coefficient of friction obtained was the lowest on the hardest surface. Their findings led the 
authors to conclude that the hardness of rubbing parts is crucial when operating in boundary lubrication 
and ZDDP wear performance can be enhanced by increasing the material’s hardness.  
 
 
 
9.2 Experimental study on Surface hardness and wear 
 
The current work uses the HFRR and the reciprocating-MTM to identify the impact of hardness on wear 
by soot. Also, antiwear film-formation by ZDDP was observed using the MTM-SLIM over a range of disc 
hardness values to observe the effects on film formation as a function of the substrate hardness. 
 
 
9.2.1 HFRR test conditions 
In this study, the hardness of the lower stationary steel specimen was varied while maintaining the 
hardness of the ball constant at a high value. The disc hardnesses studied were as follows:  187, 438, 
588 and 810 VHN, while a standard polished ball with a hardness value of around 800 VHN (quoted 
from PCS Instruments specification) was employed.  
 
For each wear test, the hard steel ball was loaded and reciprocated against the flat specimen at a 
frequency of 50 Hz and a stroke length of 1 mm. A load of 4 N was applied in form of dead weights. The 
rubbing tests lasted for 60 minutes and were run at a fixed temperature of 100 ºC.  
 
Table 9.1 lists the lubricants employed in this study. The base oil, ZDDP, dispersant and CB employed 
were the same as those studied in Chapter 7.  
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Table 9.1 : Test lubricants studied 
Lubricant ID Test Lubricant Description 
BO only Group III only 
BO +  1% ZDDP  Group III +  1% ZDDP (0.08% wt. P) 
BO +  1% Disp Group III +  1% Dispersant 
BO +  1% Disp +1% ZDDP Group III +  1% Dispersant +1%ZDDP (0.08% wt. P) 
BO +  1% Disp +5% CB Group III +  1% Dispersant +5% CB 
BO +  1% Disp +1% ZDDP + 5% CB Group III +  1% Dispersant +1%ZDDP (0.08% wt. P) + 5% CB 
 
 
9.2.2 HFRR wear test Results 
 
Wear was assessed in the HFRR by taking the average wear scar diameter reading on the 
used steel ball. The results obtained are summarised in Fig 9.1 
 
Fig 9.1: HFFR results for the effect of surface hardness on wear 
 
The four lower sets of data in Fig 9.1 are for CB-free blends while the upper two are for those 
containing CB.   Wear is very low for the three CB-free, additive containing oils.  For these and also for 
the CB-free base oil, wear generally decreases with increasing hardness, as expected from the classical 
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Archard wear equation.  A minor exception is for the ZDDP-containing blend which shows a slight 
increase in wear at the highest disc hardness.  It should be noted that although wear is being measured 
from the ball (~800 HVN) while the disc hardness is being varied (187, 438, 588 and 810 VHN), the size 
of the wear scar on the ball should reflect the width of the wear track on the, generally softer, disc.  
 
For the CB-containing blends, the effect of ZDDP is clearly to increase wear at all hardnesses, but 
especially at the highest hardness.  
 
 
 
9.3 Reciprocating – MTM test method 
 
Wear tests were carried out using two different hardness discs in the reciprocating mini-traction 
machine (R-MTM). The tests were aimed at comparing the wear behaviour of sooted oils in hard-on-soft 
contact with the normal hard-on-hard contact. As in the HFRR investigation above, the ball hardness 
was kept constant at ca 800 VPN while the hardness of the steel disc was either 200 VHN or 800 VHN.  
 
Table 9.2 lists the test parameters for the R-MTM tests. Two lubricants, one containing 1% wt. 
succinimide dispersant, 1% wt. mixed ZDDP (0.08% wt. P) with 5% wt. CB and a similar oil blend 
without the ZDDP additive were employed.  The additives and base oil used were identical to those 
tested in the HFRR above. 
 
Table 9.2: Reciprocating-MTM conditions 
Entrainment speed, U (m/s) 0.050 
Ball speed (m/s) 0.020 
Average disc speed (m/s) 0.080 
Slide-Roll ratio, SRR (%) 120 
Load, (N) 37 
Temperature (C) 100 
Test duration (minutes) 240 
Stroke length (mm) 4 
Frequency (Hz) 10 
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9.3.1 Reciprocating – MTM wear results 
 
Average cross-sectional profile readings are taken at the centre of the wear scar to calculate the 
estimated area of material removed from the surface from wear and was useful in quantifying the wear. 
The results obtained are plotted in Fig 9.2 which compares the wear performance of the test lubricants 
under different relative hardness’.  
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Fig 9.2: The effect of surface hardness on carbon black-induced wear  
 
 
 
In the dispersant/CB solution, wear is more pronounced in the soft-on-hard contact compared to the 
hard-on-hard contact. In the current work, ZDDP films (with an estimated hardness value of 
approximately 330 HVN [118]) have been observed to be easily abraded by the CB particles. This 
suggests that under this soft-on-hard operating condition, the CB particles may equally abrade the 
surface of the soft substrate, which has a hardness value comparable to that of ZDDP films. Wear is 
observed to significantly decrease for the hard-on-hard contact conditions with the dispersant/CB. This 
is probably because the CB particles are not hard enough to abrade the hard steel surfaces of this level 
but may contribute to wear by disrupting the dispersant’s protective boundary film. 
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A different pattern of behaviour is observed with the ZDDP/CB mixtures. The amount of wear generated 
using this formulation is much greater with ZDDP than without for both surface hardness contacts. 
However more wear is evident on the hard-on-hard substrate compared to that recorded for the softer 
contact conditions. 
 
These results were followed by an optical inspection of the rubbing substrates. The Veeco machine was 
used to obtain the optical readings of the contacts and the results are presented in Fig 9.3 through to 
Fig 9.6. It should be noted that the curvatures from the ball specimen profiles have been removed to 
examine the extent of damage on the rotating surface relative to the flat specimen. 
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(a)
 
 
(b) 
 
 Fig 9.3 (a) and (b) Veeco images of disc (200 HVN) and ball (800 VHN) specimen with BO + 
1% Disp + 5% CB : 4 hour reciprocating MTM wear test  
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(a)
 
(b)
 
 
 
Fig 9.4 (a) and (b) Veeco images of disc (200 HVN) and ball (800 VHN) specimen with BO + 
1% Disp + 5% CB + 1% ZDDP : 4 hour reciprocating MTM wear test 
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(a)
 
(b)
 
 Fig 9.5 (a) and (b) Veeco images of disc (800 HVN) and ball (800 VHN) specimen with BO + 
1% Disp + 5% CB : 4 hour reciprocating MTM wear test  
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(a)
 
 
(b)
 
 
 
Fig 9.6 (a) and (b) Veeco images of disc (800 HVN) and ball (800 VHN) specimen with BO + 
1% Disp + 5% CB + 1% ZDDP : 4 hour reciprocating MTM wear test 
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9.3.2 Soft - on - Hard contact 
 
Fig 9.3 and Fig 9.4 compare the effects of surface hardness on sooted-wear for soft-on-hard contact 
configuration. For the dispersant/CB blend, wear is evident on the soft disc specimen while negligible 
wear appears to occur on the surface of the corresponding, hard ball. When ZDDP is added to the 
blend, both ball and disc exhibit wear under the same operating conditions. The wear scar depth on the 
soft disc specimen is over three times greater than the ZDDP-free blend. 
 
From the results, it appears that the softer substrate is susceptible to abrasive wear by either the CB 
particles or directly by the harder substrate since the harder substrate showed no sign of wear except 
when ZDDP was present in the formulation. Adhesive wear could also explain the wear observed here 
assuming the CB particles block the contact inlet which can then lead to lubricant starvation. The ZDDP 
appears to promote sooted-wear on both hard and soft surfaces, which would be an expected 
consequence of the corrosive-abrasive wear mechanism proposed earlier in this thesis. 
 
9.3.3 Hard - on - Hard contact 
 
Fig 9.5 and Fig 9.6 represent the wear profiles for the hard-on-hard contacts. There is very little wear 
on either specimen when CB is combined with the dispersant.  Severe wear occurs on both the hard 
ball and disc specimens when ZDDP and CB are both present in the formulation.  
 
These results further highlight the detrimental effects of CB on the ZDDP film especially within hard 
contacts which leads to a progressive and increased wear of both rubbing components. The CB does 
not appear to be hard enough to contribute to significant damage of the contact surfaces through direct 
surface abrasion but is believed to be sufficiently hard to rapidly abrade the ZDDP film which can then 
ultimately lead to corrosive-abrasive wear.  
 
 
 
9.4 MTM-SLIM method 
 
From the working hypothesis so far, it has been inferred that CB promotes wear by simultaneously 
removing the protective ZDDP and iron sulphide films which can then lead to a corrosive loss of the 
substrate. The highest amount of wear is recorded for the ZDDP/CB combination oils when the hard ball 
is paired with an equally hard disc which may suggest that ZDDP films form faster under this surface 
configuration. This claim is investigated using the MTM-SLIM technique which allows for visual study of 
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the film forming pattern of lubricants by taking in-situ interference images of the rubbing contact at set 
intervals.  
 
9.4.1 MTM-SLIM results 
 
The effect of surface hardness on the rate of ZDDP film formation was studied at four MTM disc 
hardness levels with the following estimated hardness values of 200, 400, 550 and 800 VHN while the 
ball specimen was kept constant at a hardness of around 800 HVN.  The MTM-SLIM tests involved a 
film growth stage in a solution made up of 1% wt. dispersant and 1% wt mixed ZDDP, followed by a film 
removal stage using the same solution which has 5% wt. CB added into it. 
 
Fig 9.7 to Fig 9.10 show the interference images obtained from the study on the effect of surface 
hardness on the rate of ZDDP film formation and removal by CB particles. The first row of images maps 
ZDDP film-formation over time while the bottom row shows the contact condition after rubbing occurs in 
the CB-containing solution. 
 
        Zero                Imm                     5 min               15 min               30 min             60 min              120 min 
   30sec                 60sec                 5min                10min               15min                 30min                60min 
Fig 9.7: 200 VHN disc with 800 VHN ball 
 
 Zero               Imm                   5 min                15 min                30  min                60 min            120 min 
    30 sec                 60 sec                 5 min                   10 min               15 min             30 min             60 min 
Fig 9.8: 400 VHN disc with 800 VHN ball 
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 Zero                      Imm                     5min                 15min                 30min               60min               120min 
      30sec                   60sec                 5min                10min                   15min               30min                   60min 
Fig 9.9: 600 VHN disc with 800 VHN ball 
 
 
 
      Zero               Imm                5min               15min               30min            60min            120min 
30sec            60sec                5min               10min              15min             30min          60min 
Fig 9.10: 800 VHN disc with 800 VHN ball 
 
 
For all disc hardnesses a ZDDP film formed rapidly on the steel ball counterface and the rate of film 
formation appeared largely independent of hardness. After 2 hours of rubbing, thick ZDDP antiwear 
films was evident on all the test specimens  
 
The CB-containing solution was then introduced into the system to observe its effect on the fully 
developed ZDDP films. For all the contact configurations studied, the protective AW film was removed 
by the CB-containing oils. For the softest substrate configuration, the ZDDP films appeared to survive 
the first 15 minutes of rubbing, after which the film was lost. Contrary to this, the antiwear film did not 
survive more than 30 seconds of rubbing for the harder substrates tested. 
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9.5 Discussion – Effect of Surface Hardness on Wear by Carbon 
Black  
 
From the HFRR wear tests, a general pattern of behaviour is observed. The wear rate decreases as the 
surface hardness of the flat specimen increases. This is as predicted from the well-known Archard wear 
equation.  The wear generated by the base oil alone serves as a reference point for all the other oils 
tested. This shows that ZDDP and/or dispersant are successful at reducing wear in the blend in the 
absence of CB. 
 
Once CB is present, the wear on the HFRR reciprocating ball increases at all hardness levels, which 
highlights the negative impact of the contaminant on wear. The greatest amount of wear is recorded for 
ZDDP/CB combination oils which seem to encourage wear under both conditions, i.e. soft-on-hard and 
hard-on-hard rubbing contact. This is the only formulation observed to disobey the expected wear 
pattern and it prompted further investigations using a separate wear technique to determine the wear 
mechanism involved. 
 
A series of wear tests using the R-MTM was used to gain a better insight on the effect of surface 
hardness on wear influenced by soot. Under R-MTM with soft-on-hard substrate combinations, the rate 
of wear was high in both CB-containing formulations while the rate of wear was significantly higher in 
the hard-on-hard substrate contact when ZDDP/CB were both present.  
 
ZDDP films have a typical hardness value of about 330 HVN from literature accounts [118]. This current 
study has shown how such films can be rapidly removed by CB particles, suggesting that the latter are 
harder than 330 HVN. Therefore, it is believed that the wear observed on the softer steel substrates 
originated at least in part by abrasion of steel by the equally hard CB particles. This is supported by the 
fact that in hard-on-soft MTM work, the wear with the ZDDP-free blend was seen to occur only on the 
soft surface.   
 
When ZDDP is present, wear occurs on both hard and soft surfaces and this suggests that the 
mechanism involved does not involve substrate hardness.  This supports the proposal that the wear 
results from abrasion by CB of the relatively soft ZDDP film.  The wear rate appears to be more 
prominent when two hard surfaces are in contact as opposed to a hard-on-soft contact, which may 
reflect some dependency of ZDDP film formation on the substrate hardness. 
 
Li et al [222] used a Plint high frequency friction machine to investigate the effect of steel hardness on 
ZDDP antiwear performance. They found that more stable and longer polyphosphate films uniformly 
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form against hard steel surfaces (1000 HVN) as opposed to the uneven films which form on the softer 
steel surface (250 HVN). This is in agreement with the current work, which shows that in the HFRR, 
smaller wear scars form on the rubbing surface from hard-hard contacts than on the soft-hard contacts 
when ZDDP alone is present. 
 
From their previous work, Lin et al [221] also showed that the relative hardness of rubbing pairs 
influences the antiwear formation and performance of ZDDP. From their results they were able to show 
that the rate of ZDDP film formation on harder, moving specimens took less time to develop than on a 
less hard specimen. This could be the contributing factor that influences wear by soot in this current 
study on the effects of surface hardness. 
 
To explore this avenue on ZDDP film-formation further, MTM-SLIM tests were carried out using different 
surface hardness values to observe the differences in the rate of film formation over a period of time. 
The results obtained from this technique were not very conclusive since ZDDP film formation is very 
rapid, with reported film formation in rubbing times of about 10 secs [222]. However, from the 
experiments carried out on the protective film performance with CB present, it was observed that the 
rate of film removal increased as the hardness value increased. Also, after one hour of rubbing in the 
ZDDP/CB oil, wear was noted as slight distortion of the interference images of the hard-on-hard contact. 
 
The wear tests so far have clearly demonstrated the negative effects of ZDDP/CB oils at all surface-
hardness levels and most especially with hard-hard contacts. Previous workers have reported that 
ZDDP films form most rapidly on harder substrates, which may offer an explanation for the wear 
behaviour observed with hard-hard contacts. Higher rates of wear may be specific to this configuration, 
since the CB particles abrade the protective films at a faster rate which is a consequence of a faster rate 
of film formation. This leads to an even faster loss of substrate under the corrosive-abrasive mechanism 
proposed. 
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9.6 Conclusion 
 
Prior to this study, the effect of surface hardness on wear by soot had not been thoroughly explored. 
This study uses the standard HFRR wear technique and the reciprocating-MTM to determine the wear 
behaviour of sooted-oils in different surface hardness contacts. Both techniques showed higher rate of 
wear when a hard contact was combined with a soft contact in the presence of CB but the absence of 
ZDDP. It is believed that wear occurs as a result of abrasion of the soft steel substrate by the CB 
particles. The particles are assumed to be sufficiently hard to cause damage to the soft steel surface 
since earlier reports clearly show that CB particles are capable of abrading ZDDP films which have a 
similar hardness value to the soft substrate i.e. ~330 HVN. 
 
Another trend observed in this study was the unusual increase in wear by ZDDP/CB blends within the 
hard-on-hard contacts compared to when ZDDP was completely omitted from the lubricant. This again 
highlights the negative impact of these two components on wear which may consequently result from an 
increased rate of corrosion-abrasion. This effect could be more pronounced since the ZDDP film is 
expected to develop at a faster rate under hard-hard configuration, which would lead to a 
correspondingly faster rate of film removal and thus, ultimately, loss of the substrate. 
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10. Discussion; 
  Wear by Soot 
 
 
 
 
 
 
 
 
 
 
  
Numerous mechanisms have been proposed to explain the influence of soot in promoting wear. This 
chapter suggests the most likely mechanism based on the work carried out in this study.  It then 
considers some of the practical implications of the findings.  
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10.1 Introduction 
 
 Chapters 7, 8 and 9 have presented the experimental results obtained in this study of the effects of lubricant 
additives and surface hardness on sooted-wear.  This study employed wear techniques such as the reciprocating 
ball-on-disc from both the MTM and the HFRR machines in an effort to determine the mechanisms that influence 
wear, most especially when additives such as ZDDP are combined with carbon black (as a surrogate for engine 
soot). 
 
In this chapter the main findings are summarised and their implication both on the mechanisms of wear by soot and 
in practical terms are discussed. 
 
 
10.2 Mechanism of Wear by Engine Soot 
 
In Chapter 3, the proposed wear mechanisms by soot in the literature were presented.  These are summarised 
below in Table 10.1.  
 
Table 10.1: Proposed mechanisms of wear influenced by Soot 
 Proposed Mechanisms References 
1 Enhanced oil degradation by soot 68 
2 Adsorption of antiwear active sites 8,68,70, 71, 72 
3 Competitive adsorption of soot particles unto metal substrate surface 73 
4 Metal transition from stable Fe3O4 to Prowear FeO 74 
5 Soot particles with comparable particle diameter to the EHD film thickness 60, 75, 76, 77 
6 Lubricant starvation 78 
7 Corrosive wear by increased EGR and sulphur 80 
8 Abrasion of the metal substrate by the soot particles 81, 82 
9 Abrasion of protective antiwear films by the soot particles 69, 84, 85, 86 
 
The key finding of the current study is that the carbon black itself, (and thus also probably soot), is not very 
detrimental in terms of wear of hard steels unless ZDDP or some other antiwear/EP additive is also present.  The 
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combination of ZDDP and CB gives more wear than blends containing ZDDP without CB or CB without ZDDP.  This 
is the case both in simple blends and also in formulated oils such as described in Chapter 8.  
 
It is very difficult to see how this observation can be reconciled by any of the proposed mechanisms 1 to 8 above, 
which either do not involve ZDDP or are based on soot deactivating ZDDP and thus reducing the latter’s ability to 
control wear.  The latter should not result in more wear taking place when present than when it is not.   
 
Two other important observations from the work in this thesis are 
 
(i) CB very rapidly removes ZDDP tribofilms from rubbing surfaces, as indicated by SLIM 
(ii) Wear appears to occur as much, if not  more, on hard steel surfaces than on soft ones when ZDDP is 
present  
 
Both of these lend support to the mechanism, previously proposed by Booth and others [84][103], that the 
combination of CB and ZDDP leads to wear via a corrosive-abrasive wear mechanism in which the antiwear additive 
reacts with iron oxide to form iron phosphate and with iron to form sulphide (corrosion) and the resultant materials, 
being softer than CB, are very rapidly and continuously abraded by the CB (abrasion). As seen using SLIM, this 
removal process is extremely fast so that film material is removed effectively as quickly as it forms.  The rate of wear 
thus becomes dependent on the rate of ZDDP reaction rather than the rate of removal.  As described in Chapter 8, 
similar behaviour is also found with other P-based antiwear additives and S-based EP additives although the wear 
rate is generally lower than for the mixed ZDDP initially studied.  This indicates that both iron sulphide and iron 
phosphate/polyphosphate may be separately implicated in the wear process.  Generally the rate of wear matches the 
reactivity of the antiwear/EP additive, presumably since this controls the rate-determining, corrosion step.  This is 
why mixed ZDDP (which contains very active secondary ZDDP) gives a higher rate of wear than the primary ZDDP. 
 
While the author considers the corrosion and film removal process to be well established by this work, it is slightly 
less clear-cut that the film removal stage is actually abrasion.  There are essentially two possibilities, that CB abrades 
the newly-formed ZDDP tribofilm or that it chemically removes it in some way.  Two pieces of evidence support a 
mechanical abrasion mechanism. One is that other nanoparticles, i.e. silica and alumina, which are chemically very 
different from soot, produce a similar film removal to CB.   The second is that a similar pro-wear process by CB 
occurs with phosphorus-based compounds and sulphur ones, which form chemically quite different tribofilms. 
 
From the unidirectional MTM study Chapter 7, where it is possible to control the entrainment speed, it is shown that 
CB promotes wear in the presence of ZDDP up to quite thick theoretical EHL film thicknesses of ca 100 nm.  This 
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indicates that the removal of ZDDP tribofilm (and thus wear) results from the action of secondary CB particles as well 
as primary ones.  
 
In the absence of ZDDP or other AW/EP additives it is found that CB can also promote wear but to a much lesser 
extent.  In this case, wear appears to occur only in very thin film, boundary lubrication conditions and it is believed 
that the role of soot is either to disrupt any additive boundary film or possibly to cause starvation by blocking the inlet.  
In both cases this would lead to greater asperity-asperity contact and thus enhanced adhesive wear.  This is 
supported by the very high wear observed in thin film conditions in base oil even in the absence of CB in the 
unidirectional work in Chapter 7. 
 
 
 
10.3 Practical Implications 
 
Clearly the most important practical outcome sought from this work is our increased understanding of the mechanism 
of wear by soot, so as to point to ways of mitigating this harmful effect. 
 
Firstly it is clear from the work that the combination of the reciprocating MTM and the HFRR is valuable to study soot 
wear since both operate in quite different conditions and, while showing the same overall response pattern, 
emphasise different types of behaviour.  The HFRR involves short stroke length and pure sliding and the contact 
remains in thin film conditions throughout.  In this regime, soot can promote wear in both ZDDP-containing and 
ZDDP-free lubricants; although there is generally more wear in the former when CB is present.  The MTM involves 
rolling/sliding and longer stroke lengths where lubrication is more in the mixed regime.  Here the overall level of wear 
is smaller but the impact of ZDDP and other antiwear additives on soot wear is much stronger. 
 
From the work on different dispersants described in Chapter 8 it is clear that dispersant can affect wear by soot but, 
from the tests done at different additive concentrations, it is evident that the effects involved are complex.  Some 
dispersants impart wear-reducing capability at low concentrations, others at higher concentrations.  Further work 
needs to be done to understand the role of each type of dispersant.   
 
Of more obvious practical significance is the work done of near-fully formulated oils in Chapter 8.  Although 
preliminary, this indicates that the overbased detergents may be helping alleviate the harmful impact of CB on wear 
in ZDDP-containing oils.  It is known that overbased detergents can both form thick CaCO3 films on surfaces and 
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also chemically change the nature of ZDDP tribofilms by incorporating Ca2+ ions in place of Zn2+ ones.  It is not 
difficult to envisage that these might change the properties of the tribofilm so as either to make it less susceptible to 
removal by CB or to enable it to form even more rapidly that it could be removed.  Clearly more work also needs to 
be done in this area.   
 
The complex interactions of dispersant, detergent and ZDDP on sooted wear, coupled with the fact that the relative 
impact of ZDDP on wear with CB appears to be different in boundary and mixed lubrication conditions, probably 
explains why the literature has remained so confused for so long since most previous work has focussed on fully-
formulated oils and has spanned a range of test conditions of varying severity. 
 
From this study it appears that one strategy to limit wear in sooted oils may be to reduce the initial rate of reaction of 
the AW/EP additive.  In practice this may happen in future anyway, as ZDDP is replaced by ashless antiwear 
additives in the quest for low SAPS engine oils.  However it is likely that formulators concerned with reducing ZDDP 
content in engine oils may adopt the strategy of retaining a small concentration of highly active secondary ZDDP so 
as to ensure rapid initial film build up.  Clearly, based on the work in this study, such a strategy may be undesirable.   
 
From a more general point of view it should be noted that the proposed mechanism by which the combination of 
ZDDP and CB gives high wear is also quite likely to also be responsible for the long-standing practical problem of 
“bore-polishing” in diesel engines.  In this, large amounts of wear are accompanied by the removal of honing marks 
and the production of highly-polished piston liners.  This results in an inability of the surfaces to retain lubricant and to 
consequent starvation and thus scuffing.  This characteristic, of highly polished surfaces, was also seen in the current 
study.  Thus the work carried out may help formulators in future to avoid the problem of bore-polishing. 
 
Broadening the viewpoint still further, the proposed mechanism of corrosion/abrasion by nanoparticles is the basis of 
the whole industry of chemical-mechanical planarization or CMP which is employed to produce highly smooth and flat 
silicon surfaces for the electronics and MEMs industry.   This is based on polishing silicon using a soft pad in the 
presence of a liquid containing dispersed abrasive nano-particles and an oxidising agent.  The oxidising agent 
corrodes the surfaces while the nano-particles abrade the resultant, soft surface products.  Insights into this process 
and the way that ferrous surfaces respond to corrosive agents that might be present in engine oils may assist in the 
choice of additives and non-ferrous surfaces that are less prone to the corrosive stage of this wear mechanism. 
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11. Overall Conclusions 
& Suggestions for Further 
Work 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter summarises the main findings from the current research and provides 
suggestions on the direction the research can extend to in future to further develop the 
insights gained in this study. 
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11.1 Introduction 
 
Diesel engines are a major contributor of soot which has been found to be harmful to both the 
environment (as exhaust soot) and to engine components (as engine soot), where it promotes wear. A 
large number of mechanisms have been proposed by which engine soot may promote wear but there 
is, as yet, no single, generally accepted mechanisms.  Several of the proposed mechanisms involve 
soot reducing the capability of the antiwear additive, ZDDP, to control wear.   This study has set out to 
explore the influence of soot on wear and, in particular to focus on the impact of soot on wear when 
ZDDP is present, as is still universally the case in engine oils. 
 
Chapters 7, 8 and 9 have described results of the experimental work carried out on the impact of 
ZDDP and other lubricant additives on soot-related wear. Each chapter is concluded by a discussion 
from the results obtained. Chapter 10 has then provided an overview discussion of the main findings 
from all three chapters.  The current chapter summarises the most important points drawn from the 
results of this study and provides suggestions for future work in the study of soot-related wear.  
 
 
11.2 Conclusion from study on Soot and ZDDP interactions 
 
From this study, and also from many previous studies, it is evident that in the absence of soot, ZDDP 
is an excellent antiwear additive which rapidly forms thick tribofilms on rubbing surfaces to prevent 
wear. These films are believed to contain some iron sulphide and phosphate close to the surface but 
are primarily zinc phosphate and polyphosphate. 
 
However when carbon black particles, CB, (in this thesis carbon black was used as a surrogate for 
soot) is also present, mixed primary/secondary ZDDP has a very different effect and has been found 
to strongly promote wear.  In reciprocating MTM and HFRR wear tests, the combination of ZDDP and 
CB in a lubricant gives much more wear than when either one of these components is present without 
the other.  The two components, ZDDP and CB, thus appear to be antagonistic in terms of wear.  
Using the MTM, the effect on wear of the combination of ZDDP and CB has been explored over a 
range of entrainment speeds and thus EHL film thickness values.  ZDDP was found to enhance wear 
(compared to its ZDDP-free blend) from low entrainment speeds up to quite high entrainment speeds, 
corresponding to a theoretical EHL film thickness range from about 7 to 100 nm).  This implies that 
secondary soot particles are active in this wear process.   
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MTM-SLIM work has shown that when CB is present in lubricants, it very rapidly removes any ZDDP 
tribofilm from rubbed surfaces.   
 
The above observations are not compatible with most of the proposed mechanisms by which soot 
promotes wear but are in accord with the mechanism that soot abrades the ZDDP antiwear film.  
Based on these findings, it is proposed that the increased wear that occurs when both ZDDP and CB 
are present in a lubricant results from the CB particles abrading the relatively soft iron phosphate film 
that initially develops on steel surfaces in the presence of ZDDP. This film removal exposes a layer of 
nascent iron that either then reacts with sulphur in the ZDDP to form iron sulphide, or with oxygen and 
ZDDP to form iron phosphate.  These films are then abraded as rapidly as they form to further expose 
more reactive iron. This cycle repeats itself and is proposed to lead to the progressive loss of the 
ferrous substrate due to a combined “corrosive-abrasive” wear mechanism. 
 
Similar behaviour is seen with two other nano-particulates and thus appears to depend on the 
mechanical action of the particles rather than a chemical removal process. 
 
 
 
11.3 Conclusion from study on CB and other commercial 
Ashless AW/EP lubricant additives 
 
It was of great interest to see if a similar antagonistic process is present with alternative antiwear and 
EP additives. The use of ZDDP in engine lubricants has become increasing restricted over the years 
and may be partially and/or wholly replaced in the future by ashless antiwear additives which also form 
similar phosphate films on metal rubbing surfaces. It was therefore important to study the effects of 
ashless AW additives on soot-related wear to gain a clearer perspective on the mechanisms involved 
when an AW additive was mixed with soot in the lubricant.  A primary ZDDP was also investigated. 
 
The results show that the primary ZDDP and ashless AW additives studied are effective at preventing 
wear by forming protective films in the absence of CB.  However, like mixed ZDDP, when these 
additives were combined with CB, wear increased significantly, most especially for the additives that 
contained both phosphorus and sulphur atoms in their molecules. The sulphur-containing EP additives 
promoted wear with and without CB, but gave more wear when CB was present.  In all cases, when 
CB was present, blends containing antiwear/EP additive gave more wear than when the antiwear/EP 
additive was absent.  The antagonism was less strong for other additives, including primary ZDDP, 
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than seen with the mixed ZDDP and this appears to relate to the slower tribofilm formation of the 
former.  These findings help to confirm the proposed action of the corrosive-abrasive wear mechanism 
by soot in promoting wear.  It indicates that it is not specific to the formation of either the phosphate 
film or the sulphide film since it can occur with both S-based and P-based additives. This is the first 
study to show that soot and antiwear/EP additives other than ZDDP are antagonistic. It is believed that 
this study will be very relevant to lubricant additive formulators who are increasingly moving towards 
the use of ashless additives due to economic and environmental reasons. 
 
Part of this study involved understanding the role the dispersant type in controlling wear. A series of 
dispersants were studied and the wear-rate was dependent on the type and concentration of the 
dispersant used. The general trend was that less wear was generated at lower dispersant 
concentrations. The origins of this behaviour are not clear but may relate to the dispersant assisting 
soot in the removal of ZDDP film during the latter’s formation. 
 
A short study on a set of model, formulated blends also revealed that less wear was generated in the 
ZDDP free blend compared to other formulations. This suggests that other components of the 
formulation may help mitigate the impact of CB on ZDDP and in particular, that the overbased 
detergent may be helping alleviate the effect. 
  
 
 
 
11.4 Conclusion from study on effect of surface hardness on 
ZDDP film formation and wear by Soot 
 
Another factor identified which may affect sooted-wear is the surface hardness of the mating parts. 
Most work published on hardness study have reported the influence of surface hardness on ZDDP film 
formation but no previous study has explored the impact of surface hardness and wear by soot to the 
author’s knowledge. The influence of hardness on wear was studied using both the MTM and HFRR.  
In the absence of either CB or ZDDP, wear generally decreased as hardness was increased, as 
expected from most wear models. When CB was present with soft steel, the surface appeared 
scratched, indicating either abrasive or adhesive wear.  When both CB and ZDDP were present in the 
lubricant, wear was higher for hard than for soft surfaces and the wear scar appeared smooth.  This 
pattern of behaviour would be expected if a corrosion process were driving wear but is counter-
intuitive to most practical engineers who might assume that harder surfaces always show lower wear.   
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The overall picture that emerges from all three experimental chapters is that antiwear and EP additives 
that rely on forming a film by chemically reacting with ferrous surfaces, give high levels of wear when 
CB and other particulates are present.  It is believed that this behaviour originates from a corrosive-
abrasive wear mechanism.  In this, the antiwear/EP additive reacts rapidly with rubbed surfaces and 
then the very thin reaction film is rubbed off by the solid particles.  The effect is greatest for mixed 
ZDDP because this additive contains highly reactive, secondary ZDDP molecules which react 
particularly quickly. 
 
The proposed wear mechanism is likened to the chemical-mechanical polishing system used for 
industrial planarization of semiconductor wafers. It is made up of chemical corrosive slurry, a polishing 
pad and a wafer.  The chemicals in the slurry react with and/or weaken the surface of the material 
while the abrasives accelerate the removal process while the polishing pad wipes the reacted material 
away from the surface.   It is also possible that a similar mechanism is responsible for bore-polishing in 
engines.  
 
From the understanding gained, some ways to mitigate the pro-wear effect of soot can be identified.  
One is to use less rapidly reacting antiwear/EP additives than secondary or mixed ZDDP.  A second is 
to use additives such as overbased detergents that appear to mitigate the effect, possibly by making 
the ZDDP film harder or providing an alternative, CaCO3 protective film, without corrosion of iron.  A 
third approach is to use some dispersants at appropriate concentrations. 
 
 
 
11.5 Suggestions for future work 
 
Although a mechanism to explain the wear effects of soot in lubricants has been clearly and quite 
unambiguously identified in this current study, clearly much work remains to be done in this topic. 
These include:  
 A study on the effect of ZDDP on soot-related wear at various temperatures. This will help to 
correlate the influence of temperature and the rate of ZDDP film-formation to wear as a result 
of soot particulates present 
 The study of other known antiwear additives to determine the most efficient additive which 
can also counteract the effects of soot on wear 
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 The study of ZDDP combined with known ashless AW additives to study the combinative 
effects on soot-related wear 
 The study of ZDDP and soot under various loads to understand the effects of pressure on 
wear by soot. 
 A more systematic study of the impact of dispersants on wear with CB and ZDDP, so as to 
identify the origins of the observed dispersant concentration effect. 
 Study of the influence of overbased (and non-overbased) detergent on wear when ZDDP and 
CB are present so as to further understand the effects observed with formulated oils and 
seek new ways to control the effect of soot on wear. 
 Study of the factors that influence the entry of nano-particles into rubbing contacts and thus 
which probably control wear rate.  
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APPENDIX 1 
 
Properties of Group III base oil 
 40 ºC 100 ºC 
Viscosity  (mm²/s) 19.5 4.2 
                   (mPas) 15.9 3.3 
Density  (g/cm³) 0.82 0.78 
   
Refractive Index  1.43 1.46 
   
Viscosity  Index  123.2 
   
 
 
APPENDIX 2 
 
Properties of Semi-formulated oils supplied by Infineum UK, Ltd 
 
 
Oil Blend oil1 oil2 oil3 oil4 oil5 oil6 
 
 
 
 
 
Description 
Base - Disp A; 
mixed Det B+E; 
AW B; AF. VM 
A; BO-A, BO-B 
Disp A replaced 
with mixture of 
Disp A and Disp 
E 
Det B+E replaced 
with alternate det  
(Det C+G) 
 to similar soap 
AW B is 
replaced by AW 
A
Effect to be 
studied 
Basecase Boosted dispersancy 
Changing soap 
type keeping soap 
Level constant 
Interchanging 
ZDDP 
Viscometric results 
KV100/ cSt  12.20 12.24 12.1 12.420 
HTHS / cP 3.38 3.32 3.36 3.4 
CCS-30°C/ cP 6180 6300 6050 6180 
VM A is replaced Disp A replaced 
with Disp 
B 
Effect of addin
with VM  C 
Replacing 
Non dispersant VM 
with one which is 
a dispersant VM 
11.81 
3.36 
6180 
g  
Boron 
 
12.33 
3.34 
6120 
